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EXECUTIVE SUMMAI_ Y

The transient performance of jet engine during power setting operations is affected in

several ways when water is ingested at. the front end of the engine. The nature and magnitude

of effects depend primarily upon (1) the initial design of tile engine and the control system,

including limit switches incorporated in them, (2) the mass fraction and volumentric droplet
size of water, (3) the ambient conditions including pressure, temperature and degree of

saturation with water vapor, (4) tile rate at which power resetting is carried out and (5) any
errors in data acquisition with sensors that are providing input to the engine control.

An attempt has been made to establish the effects of water ingestion through simulation of

a generic high bypass ratio engine with ageneric control. In view of the large effects arising in
the air compression system during water ingestion, attention has been focussed on those effects

and the resulting changes in engine performance. In order to confine the effects of water

ingestion to the air compression system, it is assumed lhat water is either drained out
completely at the end of coml)ression processes in tile I)yl>aSS and th(, core streams or is

removed in part by draining and the rest. by tlash eval)c>ral i,)n at either entry or the exit of tile

burner. Such treatment of water, while leaving the turbines and the nozzles with single phase,
gaseous flow, will cause changes in turbine enlry mass flow and l,emperatvre.

Engine simulation has been carried out. in the afore-mentioned cases utilizing the PURDU-

WINCOF code, that is suitable for obtaining the l)erformauce of a fa.n-compressor unit with

water ingestion, and an engine simulation code that is flexible enough for handling a generic
high bypass ratio engine and its control.

Engine performance with ingestion of 1, 2, .I, and 8 per cent mass fraction of water, mean
volumetric diameter of water droplets being 800 )nicrons, during l)ower setting in aeeel aim

deeel modes between idling and maximum power at sea level standard, static conditions, shows

highly nonlinear variation with the magnitude of water mass fraction. Most of the change in
performance occurs with one per cent water ingestion. No simulations have been possible with
8 per cent water ingestion.

The performance of the generic engine deteriorates und(,r hot (lay operating conditions even

with dry air operalion. No apl)reeiable further deterioration occurs during water ingestion,
although the air compression system shows some improvement due to increased heat and mass
transfer at the higher temperatures.

Evaporation of water in the burner to any extent larger than 0.5 per cent, especially at the

exit section of the burner, causes appreciable changes in the performance of the low pressure

spool. It appears significant to test engines wit, h small a)nou_t of water ingestion during power
setting operations.

\Vhile small changes in temperature sensor (submerged in centrifuged water) reading, that

is utilized as an input to the control, does not affect the performance of the generic engine, an
error of about 10F does not permit engine simulation between the desired initial and final
conditions. The compressor seems to surge.

It. is often of interest to ,*stablish if, during water ingestion, the time-rate of change of
power setting should be reduced to obtain a smooth, surge-free operation. In tile case of the

generic engine with an aut,m:atie provision for operating with a pre-set acceleration fuel

schedule, appreciabh, slowing down of power lever angle changes seems to be necessary to
ensure that there is an adequate margin between acceleration schedule operation and
coJnpressor surging condition.
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CtlAPTER I

INTRODUCTION

An aircraft gas turbine engine and its control system are normally designed for
operation with all" as the working fluid. All of the componentsof an engine except the
burner are then expected to operate with a single phase, gaseousfluid. The burner in
an aircraft gas turbine is commonly supplied with a liquid fuel and occasionally also

with water. The design objective in those cases then is to obtain an adequate amount

of atomization and vaporization in the shortest time and space within the burner to

complete the desh'ed heat and mass transfer and combustion processes. Thus under

all of the flight conditions, defined by altitude, Much number and power setting, the

engine is designed to perform with a gaseous fluid except for local processes in the

burner.

There are, however, a number of environmental conditions under which the air

utilized by an engine may contain a second phase in the forln of dust, sand, or

volcanic ash (References 1 to 3) ,qnd also water (References 4 and 5). The effects of

the presence of a liquid in the ingested air are in several respects similar to those

obtained with solid particles, but there are certain specialized effects in the case of

water ingestion. It is considered of interest to establish the effects of the presence of

water on individual engine components and the overall engine system with a given

control. Based on such studies, one may proceed to obtain some guidelines for engine

operation with currenl, designs and also, i>ossibly, for modil'ying engine and control

design.

Ingestiun of waler may nrise in various ways. Water vapor is often present in

ambient air giving rise to changes in density, molecular weight, and ratio of specific

heats of the working fluid. Modern engines and their conlrol systems are designed to

accommodate appreciable humidity in the ambient ah'. When the humidity is high,

however, engine inlet condensation may be severe enough under certain operating

conditions to cause noticeable amounts of liquid water to be ingested into the engine

(References 6 and 7). An air-liquid water mixture may also enter an engine directly

during take-off r,.om rough runways on which there are puddles of water and during

tlight through a rainstorm (References 4 and 8). Water may then be present along the

gas path of an engine, starting from the inlet face all the way up to the thrustor

nozzle exit, in droplet, film, or vapor form in di[l'erent proportions at different

locations.

The problem of water ingestion is of interest in the ease of all aircraft gas turbines,

although in the case of turboprops there may be some shielding provided by the

propeller installation. The effects of water ingestion can be particuraly severe in the

case of a two-spool engine x_ith a ['an and a bypass flow, since the design, matching

and control fo the engine involve a core engine and asupercharger. Although the basic

effects of water ingestion appear even in a single shaft engine, a high bypass ratio

engine such as used in many civil aircraft applications, provides a special opportunity

roy examining the effects of wat, er ingestion on "matching" and control of a system

with lwo _hafts and thrustor nozzles but with a part of the working fluid passing

through the entire engine and with asingle control. It is such an engine that is chosen
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for the current investigation. Figure 1 provides a schematic of a typical high bypass
ratio engine and control.

In practice, the effects of water ingestion on an aircraft gas turbine need to be
determined taking into account, tile installation of the engine in the aircraft. Several
considerations resulting r,'om installation are (i) changesintroduced by the installation
on water ingestion into the engine, (ii) thrust reqtlirement of the integrated aircraft-
engine system and 0ii) the role of aircraft or flight control on engine operation and
control. It is clear that those considerations make the problem aircraft-specific in
addition to being engine installation-specific. Therefore, in the current investigation
the engine is examined as though it is on a test bed with standard inlet and nozzle
and with provision for obtaining any desiredair-water mixture in front or the engine.

The nature and magnitude of the effects of water ingestion depend upon some or
all of the following: (i) characteristics of air-water mixture ingested, (ii) designof each
of the colnponents of the engine and its control s.vstem and the nature of tile
component performance matching scheme utilized for <_btainingequilibrium running of
the engine, (iii) operational changes introduced following water ingestion and (iv)
design and performance of sensor'sfeeding the control system.

1.1. Air-Water Mixture

An ah'-water mixture ingested into an engine is characterized by pressure and

temperature of air, temperature, mass fraction and mechanical state of liquid water

and water vapor content. In general, the mixture may be fully saturated with respect

to water vapor during flight operations in rain storm conditions. The temperature of

air and liquid water may also be unequal under such conditions. The pressure and

temperature of the gas phase (air-water vapor mixture) depend upon the altitude of

engine operation and ltight speed, when applicable. There may be deviations in
temperature and pressure from " "standard data at some altitudes due to

meteorological phenomena. In this investigation the pressure, is assumed to

correspond to the standard value {11.7 P.S.I.A.) and the temperature to either the

standard (518.7R) or selected hot day (for example, 589.7R) conditions. During hot

day conditions, the initial water vapor content under saturation conditions and any
phase change process within tim compression subsystem are also all'ected.

The liquid in the air-water nlixt, ure is assumed in the current investigation to enter

the engine entirely in droplet form, although in practice tile liquid may flow into tile

engine in fihn form from a wijlg, fuselage, or inlet surface. Within the engine, the

liquid may flow over material su,'faces in film form or in the free stream in droplet

form. At tile trailing edge of a blade su,'face, a water tilm may be entrained in tile

form of droplets. In tile free sl _'eam droplets may coalesce into large droplets or break

up into smaller droplets (Itefer_.nees 9 and 10). There is considerable uncertainty

about the mechanical state _f water in curved ducting (such as the one utilized for

interconnecting tile low pressure compressor and the high pressure compressor in the

engine shown in Flgm'e 1), diffuser (such as that following the high pressure

compressor), burner (with primary and coolant streams), and nozzles. In the current

investigation 11o account is t_,k0n of the existence of a film of water in any of thes(,
components.
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The water droplets in the air-water mixture may be characterized by values of size
distribution and mass fraction. One method of eharaeterization consists in using a
reference local volume-mean diameter, Da0, as defined by A.S.T.M. Standards
(Reference 11) and number density per unit volume of the mixture. The droplets
found in rainfall are of the order of hundreds of microns and in some eases, larger
than 1000 mierons (References 12 and 13). Within the engine, espeeially following
droplet breakup and vaporization, a portion of the droplets may be small enough to
follow the gas phase motion. No data seemto be available for droplet size in aireraft
wheel-generated sprays. The mass fraction of water may vary over an appreciable
range in practice, for example 0.5 to 15 per eent (Reference 8). It may be useful to
note that 1.0 per cent by weight of water in droplet form of size D30= 1000microns is
equal to a number density of 54,200 per eubie foot of ah'-water mixture under
standard conditions, with a total surface area of 26,t square inches and a volume of
1.73cubic inehes.

1.2. Engine Components aml S?'stem

The generie engine shown in Figure 1 may be divided broadly into the engine and

the control system. The engine consists of a large number of components. They may

be grouped for eonvenience under (i) stationary, eold flow eomponents, namely inlet,

dueting, diffuser, and bypass stream thrustor nozzle, (ii) air compression subsystem

eonsisting of fan (bypass stream), booster (fan core stream, and low pressure

compressor) and core oi" high pressure eompressor, (iii) burner, (iv) turbines and (v)

stationary hot flow components, namely core stream thrustor nozzle. During water

ingestion, tile working fluid may c<ulnin the liquid phase in any or all of the groups of

components. All of the groups of conlponents are, in general, affected by the presence

of water in any of the groups since the engine has to function as a single integrated

system whether or not the performance of various components is exactly matched for

equilibrium running under a given set of conditions.

The engine also incorporates, in general, a number of bleeds through valves located

between various stages and also sections of the compression subsystem. The

performance of such bleeds is affected by the presence of water in tile working fluid.

The control system consists of sensors, signal processors, and actuators. Typically

it is designed to control engine speed in response to power setting and values of

temperature and pressure at various locations. During equilibrium running under

given ambient conditions and at a given power setting, the high pressure turbine work

output matches the work input required by the high pressure compressor operating at

a speed corresponding to the power setting, and the work input required by the fan

and low pressure compressor by the output of the low pressure turbine. When the

ambient conditions and/or the power setting are changed, the latter causing a

different fuel flow-rate, the control is actuated by the sensor, that is providing data for

it, and functions such that the engine attains the equilibrium running point

corresponding to the new operating conditions. The core engine speed is often

controlled directly while the low pressure system speed is not. However, the low and

high pressure system are coupled through the enthalpy and the mass flow rate of the

core stream working fluid s_ that the low pressure system attains an equilibrium speed



corresponding to the controlled speed of tile core or the engine. Now, during water
ingestion, under similar conditions of changes in operation (for example, power setting)

the component performance matching will become affected. This may be due to

changes in working fluid characteristics along the gas path as well as changes in the

output of sensors which feed the control system. For example, a temperature sensor

that provides an input to engine control may become immersed in liquid water and

transmit the water temperature rather than the gas phase temperature (Reference 14)

and cause a malfunction of engine.

1.3. Operational ChangesDurin$ Water Ingestion

During normal gas phase operation there are various modes or states in which it is

required to run an engine. These modes include (a) steady state operation at various

power settings, (b) changes in flight conditions such as altitude and Math number, (c)

changes in ambient conditions such as temperature, pressure and composition of the

working fluid, and (,l) transient operatio,l during and following power setting changes.

In t,he design of an aircrart powe," plant there are ranges of flight conditions, ambient

conditions and power sett.ings ow.r which the engine may be operated. The limits of

these ranges define the oper-_ting envelope of the engitle. During water ingestion the

available operating envelope may be altered. Also inherent in an engine design are

limits on rates of change for various operational lmt'ameters, that will result in stable

engine operation at the end point of a transient. The t,t'esence of water in the working

fluid may also alter these allowable rates of change.

Each of the components and the engine system as a whole can be expected to be

affected by the presence of liqui,t _ater in the working tluid entering the engine. The

effects of water ingestion are boLh ae,'othermodyttamie and mechanical. The affects

can arise "immediately' or in a sho,'t thne scale dul_ng water ingestion as well as in a

cumulative fashion over a long period of time due to st_stained or repeated ingestion

and consequent deterioration of engine components and system (Reference 15).

Although aerothermodynamic and mechanical effects are in general coupled attention

is focused in the eurrent invest, igation on aerothermodynamie changes. For example,

the loading of a turbomaehine blade can be expected to change when the working fluid

contains liquid water. The aerothermodynamie effects may also lead to aero-elastie

phenomena due to altered bending and torsional loading on blades and other

structural elements. Ilowever, in view of the central nature of aerothermodynamie
effects, attention is focused here on those effects.

In general, it is of interest to establish the effects of water ingestion on a time-

dependent basis. Every engine and eontrol, including sensors, have inherent dynamic

characteristics due to inertia and time delays in the system. A change in the working

fluid therefore cannot be accommodated instantaneously. Furthermore, the engine

operating condition may be air, e red, for example, by pilot action, through a resetting of

the power demand over a sh¢_'l, but finite interval of time. It may also be possible

that the characteristics of air-water mixture entering the engine may themselves not

be steady with respect to t,ime. In all cases, the principal interest is in the time

(]el_t,mh',tlt, changes betwe_,n _],¢, coudil, ion of ¢)lmrat, hm anti anothe,', it may be

ol>serve(l that l.here is no c('m:_iIJty t llat at any lillit,<' leJlgth or time following ingestion
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of water, the engine in fact attains an equilibrium running point. In general the
following are of interest in a two-spool engine at every instant of time ill any chosen
interval of time of operation with water ingestion: (i) speedsof the two spools, (ii)
surge margin of compressors, (iii) fuel cut-off, (iv) flame-out in the burner, and (v)

thrust output.

A detailed time-dependent analysis requires a knowledge of the dynamical

characteristics of each component of the engine and its control as a system. Such

characteristics are required during engine operation both with air and with various

air-water mixtures. Moreover, a given air-water mixture at entry to the engine can be

expected to undergo substantial changes along the gas path, from component to

component. There may also be resulting changes in the dynamical characteristics of

components. Accounting for all of those is unmanageable at this time since only a

hybrid atmlytical-experimental study can provide the required data. No such study is

available to date.

The current investigation is therefore limited to determining time-dependent

changes for an engine under quasi-_leady approximations wherein it is assumed that

(a) the performance of each component is that obtained tinder steady state conditions

and (b) inertias and delays remain unchanged from reference values obtained under a

set of specified design operating eomtitions. In conducting a quasi-steady calculation

of performance, the time steps chosen should of necessity be larger in duration than

any of the delay times associated with the engine. At the same time, the time steps
should be small enough to recover any time-dependent, oscillatory behavior of the

engine during a transient.

In general, an investigation of the effects of water ingestion on an engine requires
consideration of etIects oil all of the components and also the matching and control of

tlle engine as a system. This is a formidable task in view of various uncertainties

associated with modeling of air-water mixture flow through various engine components.

It has therefore been felt that the effects of water ingest, ion on the engine may be

determined with respect to elDcts on one COml)onenl, at a time. Among the engine

colnponents mentioned earlier, the compression subsystem is most directly exposed to

water ingestion. There are reasons to believe that the effects of water ingestion can he

severe in the coml>l'ession system directly and through induced effects on the engine

(Reference 15). In the current investigation, therefore, attention is focussed oil the air
compression subsystem and the performance of the engine is then established with

respect to the changes in the performance of that subsystem.

All of the current investigations are conducted oil a generic engine with a control

system, such as that shown in Figure 1, and described briefly in tile Appendix. Tile

performallce of the engine is examined in three categories of problem areas, namely:

(i) various types of air-water mixtures entering the engine and chosen power setting

changes; (ii) operational conditions related to different types of power setting changes;

and (iii) behavior of major sensors feeding the control system.

The prineilml tools utilized in the investigation are a computer code for obtaining

the perror]nance of an axial [low c(>mpressor with water ingestion and a computer code

capable of predictillg the dvllallLic performance or a typical high 1,ypass rat.i<) t,urbofan



engine. There are various compre.bsor modeling codes available such as those
presented in References (16) and (17). Similarly, there are a number of engine

simulation programs with the required capabilities such as those discussed in

References (18) and (19). The programs chosen for this investigation are (i) the so-
called PURI)U-\VINCOF code, a computer program capable of obtaining the

performance of multi-spool, axial flow compressor operating with art air-water mixture

working fluid (References 20), and (ii) an engine si,nula_ion code (Reference 21).

IA. Organization of Report

The objectives of the investigation, alone with details of the approach utilized, are

Liven in Chapter I1. A computer program has been moditied and utilized to generate

the compressor performance maps under various operating conditions. A description
of the code and details eoncerning its modification for use in generating performance

maps are provided in Chapter [1I. In Chapter IV, the generic high bypass ratio

turbofan engine and its standard control syste]n are described. A description of the

engine simulation program is also included. Finally, the specific t_est cases used ill the

investigation are discussed. (,tlal)te," V presents results of both the compression

subsystem performance a lmlysis and the engine perfo,'nmnee sim_dation. In Chapter

VI, the results are discussed uqth some conclusions.

Some aspects of the investigation and initial results are discussed in t{efcrences 34

and 3.5.
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('IIAI"TER Ii

OBJt,;CTIVES AND AI q_l_ OACI 1

The objectives of the investigation are as follows:

(i) To establish a lwoee_ture for de, termining time-detmndent

changes in tile I_erformance of a high byl)ass ratio turbofan

engine with water ingestion etfects con lined to the compression

subsystenl; and

(ii) To determine operability or controllability characteristics of a

selected high bypass ratio tu,'bo fan engine with a giw, n
control under various conditions of water ingestion and

operation.

For the purposes of current analysis, controllability of the engine may be detined as

tile ability of the engine arm tlle control system to respond effectively as a combine(t

system to operator-initiated power ,_etting changes.

Tile PUI{I)IJ-\VIN(?OF eo<le hns been mo(litie_l to generate performance mal)s for

the fan (with respect to the Iotmss strean0, tlw booster (fan with respect to the core

stream, and low pressure compressor) and the core or high presllre eO|llpressor under

various ambient conditions Such conditions include ambient temperature and inlet

mass fraction of water. For each set, of ambient or water ingestion conditions, specific

compressor performance maps mush be generated.

Tile effects of water ingestion cm the engine are to be established in the current

investigation with respect to changes in l_erformance of the. air compression subsystem.

In order to isolate tilt effects of water il_gestion to the air compression subsystem, a

number of assumptions are introduced as follows: (a) tile performance of inlet,

dueting, and diffuser is not significantly affected; (e) the performance of bleed valves is

not affected, and (e) water can be removed or conve,'ted into vapor form before the

working fluid in the core stream leaves the burner and before that in the bypass

stream enters tile cold flow thrustor nozzle. The assuml_tions remove tile need for

examining any two phase effects in any of the components except the air compression

subsystem and the burner. Insofar as tile burner is concerned, some of the water

entering it can be expected to un_lergo eval_oration. It is clearly diltieult to estaldish

where evaporation may begin or become completed along the burner. Accordingly, two

limiting cases have been postulated regarding such evaporation: (i) at entry and (ii) at

exit, of the burner.

The engine simulation program uses a gas path analysis along with stored

component performance data, limits and schedules imposed by the control system, and

information on mechanical clmracteristics and limits of the engine (such as inertias

and speed limits) to obtain a series of equilibrium operating points in response to an

input representing a set of operational conditions. In other words, the time depenclent

resl)onse of the engine to Olw'ator-initi'_ted (input) changes in power setting amt

<_i_c,r:,,lional nltitude -tnd tlight Nla, eh lllllllbel" iS obtained in the form of a series of local

etl_fiiil)rium ol)erating poil_ts e,orresponding to discrete t,ime steps between the initial

and the desirecl final, sten_ly state operating points. In order to accomplish this, an
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engine simulation code requires, typically, data that eonq,letely detine the performance
of each engine COml)onentover as large a part of tilt' range of operational parameters
(such as mass flow rate, rotational speed, temperature, pressure, composition of tile
working fluid, etc., whichever is applicable) as 1)ossiblefor which the component and
the engine system have been designed. This informati,m is stored in tabular form and
is referred to collectively as the component performance maps. Both the WlNCOF

code and the generic engine sinmlation code have been modified as required for

application to the given air compression subsystem al,l engine under conditions of

water ingestion.

hl order to examine operabilily and controllability a series of simulation test cases

have been chosen. The test cases may he grouped under the following types of studies

for the effects of: (i) amount ()f water ingested, (ii) location and extent of water

vaporization, (iii) elevated ankl,i(,.t temperature, (iv) (,,'r()rs in input to control system

and (v) operational changes with respect to power-setting operations.
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PERFORNDkNCE OF COMPIIESSION SUBSYSTEM WI'FIt WATFR INGESTION

In this section a general description of the \V1NCOF code is given along with a
discussion of the assumptions and modifications introduced for obtaining the
performance of tile compressionsubsystem in tile form of "maps" that are suitable for
use in the engine simulation program.

3.1. Description of the WINCOF Code

The \\'INCOF code provides a scheme for a one-dimensional, or designated-

streamtube, performance calculation for a fan or a compressor stage, and through a

stage-stacking procedure, a multi-stage compressor. Considering axisymmetric

coordinates (r, radial, O, circumferential, and Z, axial directions) a one-dimensional

analysis, by definition, does not account for the radial velocity component. The
streamtube is always assumed to be paralM to the Z-direction over its entire length.

IIowever, the strealntube can be located arbitrarily, as desired, in the spanwise

direction from blade row to bl:t(le row within a conlpresso,'.

The WINCOF code can be used for obtaining the perh)rmance of a fan or a

compressor while operating with air or air-water droplet mixture. The performance
calculations are done with consideration of the following processes that are of interest

during water ingestion.

(i) Ingestion of the working fluid at the turboinachine face;

(ii) Impact and rebound at material surfaces;

(ill) Fihn formation and fihn flow on material surfaces;

(iv) Modification of boundary layer thickness, deviation, and

aerodynamic losses;

(v) Centrifugal action on droplets causing their radial

displacement;

(vi) Interphase heat and mass transfer;

(vii) Reingestion of water into wakes of blades from filnl flow over

blades;

(viii) Droplet size adjustment based on Weber number

considerations (Heference 22); and

(ix) Division or work input between the two phases.

Some of those processes occur at specific locations with respect to a given blade

row, while others are distributed over a blade surface and a blade wake. The

WINCOF code is based on lumping the processes at specific locations. Thus,

considering the aforementioned list of processes, it is assumed that (a) (i) occurs at a

spc, citic location upstream of the blade row under consideration: (b) (ii), (iii), and (ix)
can be cornbined suitably to (A,tain work output and losses; and (c) (v) to (viii) can be
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considered at the exit plane of the blade row under consideration.

Regarding centrifugal action and heat and mas transfer processes, characteristic

length and velocity scales are assumed for each blade l'ow to yield a characteristic
length of time over which such processes occur for that blade row.

Centrifugal action on water droplets is assumed to occur both over blade surfaces

and in the free stream. Oentrifugal action displaces water radially from the hub

towards the tip of a blade. It is assumed that water removed from any spanwise

location accumulates only at the tip of blades, in the vicinity of the outer casing wall.

The various processes are a function of t,he local state of air-water mixture, defined

by the mass fraction of water and the mean volumetric droplet size. They have a

combined effect on the balance of forces as well as on heat and mass transfer

processes. Thus, although gravitational force has not been included for consideration,
it may become significant in relation to momentum and drag forces under certain

conditions of number density and size distribution of droplets. The heat and mass

transfer f,'om a conglomeration oe droplets of different sizes is also significantly
different from that for a single droplet or droplets of homogeneous size and small
concentration.

In the current investigation droplets are generally visualized as falling into two

categories, namely, small and large. Small droplets are assumed to follow the gas
phase motion and to absorb work input. Large droplets are assumed to move

independently of the gas phase and to absorb no work input. Both types of droplets

are expected to undergo change of size based on mechanical equilibrium consideration,
and are subjected to heat and mas_ transfer processes.

The V_rlNCOF code is set up to perfo,'m the following three types of calculations.

(i) Design point calculation: Given the design rotational speed,

mass flow ,'ate, axial flow velocities (at inlet and exit planes of

each blade row) or, equivalently, streamtube area (at inlet
and exit planes of each blade row), pressure ratio across each

blade row, stage efficiency, and blade metal angles for each

blade row, the code determines the relative and the absolute

flow angles, the incidence and the deviation angles and the

design point equivalent diffusion ratio. For a multistage

machine, overall performance parameters are established by

extending a blade row-by-blade row single stage calculation
utilizing a "stage stacking" proeedu,'e.

(ii) Off-design point calculation for operation with air-flow: Given

values of operating speed and flow coefficient, the code

calculates all of the flow velocities and angles, pressure ratio,

and efficiency for each blade row based on {a) design point

data and (b) certain rules regarding deviation, diffusion factor

and momentum thickness of bounda,-y layer over the blade

(Reference 23). Again, "stage stacking" is used for a
multistage machine.
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(iii) Off design point calculation for operation with ah'-water

droplet mixture: Given vahtes of operating speed, flow

coefficient, mass fraction of water, and volumetric mean

droplet size in the nfixture, the code establishes flow velocities

and angles, pressure ratio, efficiency, water mass fraction

redistribution, and water droplet size reorganization based on

(a) design point data, (b) certain rules regarding deviation,
ditrusion factor, and momentum thickness of boundary layer

over the blade, and (c) various assumptions related to the

presence of water in film and droplet form (Reference 20).

In applying the \VINCOF code to a fan or a compressor, it is necessary as stated

earlier to choose a streamtube along which calculations are to be performed. A

streamtube is defined by its location and cross-sectional area. The location may be

the hub, the tip or another spanwise section. The cross-sectional area may be chosen

based on design point data pertaining to mass flow and axial flow velocity. However,

a blade is designed to yield specitie aerodynamic performance at each spanwise section

through a choice of blade metal angles, incidence and deviation. Furthermore a

compressor stage consists usually of at least two blade rows. Some trial and error may

become necessary in choosing location and cross-sectional area along the stage in a

pieeewise continuous fashion such t,hal_ they are compatible with, for example, the

design point performance for given design point air flow angles and rotational speed.

In general, it can be expected that one blade row differs from another and thus one

stage from another. The two major parameters of interest in the application of the
WINCOF code for determining t h, e performance under a given set of operational

conditions are (i) aerodynanfic design of blading and (ii) operating rotational and axial

flow velocities. The latter also determine the duration of' time awdlable for centrifugal

action and heat and mass transfer processes.

Regarding the aerodynamic performance of blading, the WINCOF code

incorporates a simple procedure for choosing ,-ules for deviation and losses that are

appropriate for a given compressor. A brief description follows.

The model used to estimate the blade outlet flow angle and the loss due to

turbulent flow of gaseous phase over the rigid blade surface incorporates the concept

of equivalent diffusion ration (Reference 24). The equivalent diffusion ratio is

dependent upon the ratio of the maximum suction surface velocity and the trailing

edge velocity. This parameter is defined as follows (15):

cos/3..,V z, { c°s"/3x }
De q c°s,_IVz'2 1.12 + 0.0117(i -- i*) 14a -1- 0.61 • I( • AI(3 (1)-- (7

w ]tie re

r,, VZ2

k = tan/_l - --:-"
rl Vz1

--_ 1-- .'--_-
• tan fl_ Vz I 1i

/:? = flow angle, V z = axi_l velocity, i -----incidence angle, :r = solidil, y, r = streamline
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radius, and w = rotor rotational speed. The subscripts 1 and 2 refer to tile blade row

inlet and outlet, respectively. The asterisk superscript refers to tile design point case.
* o

The design point equivalent diffusion ratio, Deq , Is round using this expression with the

incidence angle term set equal to zero. In order to obtain the blade row outlet axial

velocity and flow angle, an iteration scheme is employed to arrive at the correct value

of axial velocity, but the flow angle, /3.,, is assumed to be the outlet angle of the blade.

A value for the equivalent diffusion ratio is then calculated using Equation 1. The

deviation angle, 5, may be ealc_llated u._ing the following elnpirical expression:

a 6'
= + 6..t0 - 9.45(NI, - 0.60)(Deq -- Deq ) x AK1 , (2)

where M 1 = inlet Maeh number. A value for tile outlet flow angle is then calculated

by adding tile deviation angle to the blade outlet angle and a final value for the outlet

flow angle obtained by ite,'ati(m. The iteration proee(ture involves the determination

o1" density at blade outlet. In order to determine density, tile pressure rise across the

blade row, ir any, and the pressure loss must both l,e established. The total pressure

rise is a function of axial and l'(_t,:_ti()nal velocities and the inlet and outlet ttow angles.

The total pressure loss eo(,ttieient is depend(,ut upon the non-dimensional wake

momentum thickness, which is calculated using the following empirical expressions:

O"

(O/e) = (O/c)* + (0.8..., N1, -- 2.6.02M,2 -- 2.675M,3)(1)eq -- De,,)'*" x AI'(2

for Deq _ Deq ; and

* d)

(e/c) = (e/c)* + - + 9.:m 'I,a)0)0q- D,q)"x AK2

for Deq < Deq . (3)

The total pressure loss coefficient may then be calculated using the following
expression:

= (O/c). cos& cos3 ) (4)

This proeedu,'e is emph)yed in each cycle of the iteration scheme for the blade outlet

axial velocity.

Now, the empirical expressions presented above apply to the class of blades for

which the correlations we,'e :."iginally performed (Reference 2-t). They may not apply

to other blades. Even in the general class of blades for which the correlations may

apply, there may be need for modifying the rules for various types of blades. It is for

perndtthlg such modifications that in equations (1). (2), and (3), three parameters,

AI(I, AI(2, and AI_:3, have been introduced. These may l>e adjusted for a given blade

to alter deviation angle, pressure less coefficient, and equivalent diffusion ratio,

respectively, both individua'lv an_l relative to one another. Changes in the values ot'
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tile constants modify the predicted performance for a compressor blade row or stage
substantially. Accordingly, given, rot. example, details of velocities and flow anglesand
of work done and ettieiency at design rot a specific compressor stage, the values of
constants can be determined through trial and error such that the predictions of the
\VINCOF code lnatch the given performance. It may be pointed out that (a) the
overall performance of a compressor is extremely sensitive to the choice of the values
for the constants and (b) the trial and error procedure is not computationally simple.
I_'urthermore, it is possible that in certain eases,there may be more than one set of
constants that can yield the same overall performance, t{owever, it is assumed that
the values of the constants onee dete,'mined for a compressor provide the deviation
and the equivalent diffusion rules that are specitle to the compressor under
consideration and may be so ul_ilized in all of the predictions, including those under
off-design conditions.

3.2. Modifications to the WINCOF Code to Obtain Compressor

Performance Maps Suitable for Use in an Engine Simulation

In order to simulate the operation of the high bypass ratio turbofan engine, data

which define many operating points must be known for each component under various

ambient conditions. Typically, for a computer-based engine simulation, these data are

stored in tabular term. Engine performance is established for given operating

conditions by reference to tabtllated data of performance of each engine component or

sul_system. The simulation program continues to search eoml,(ment tables until 't

"l)erformance-match" point for all components is round. Ir t,he operation of a

component or subsystem it, the ,,ugine is changed such that performance data stored

for l_he component no are no longer valid, then the stored data table must be replaced

by an apl)roximately corrected data table. In the problem under investigation, the

performance of the compression subsystem is altered by the effects of water ingestion.

The \VINCOF code was utilized to generate the corrected performance data.

Traditionally, the performance of a compressor has been represented by plots of

overall pressure ratio and adiabatic ettieieney as functions of inlet mass flow ,'ate rot. a

range of rotor rotational speeds. These performance data plots are called compressor

maps. Typically, a limited number of curves of constant corrected rotational speed

are plotted for corrected mass flow rate ranging from a high flow condition to the

surging condition tlow or a slightly lower value of ilow for each speed.

It is well known that relations among the quantities on a compressor map are

highly nonlinear and that no useful similarity relations can be found with respect to

operating speed or mass flow-rate, regardless of the nature of the working fluid. Thus,

compressor maps may have to be stored as discrete data points in an engine

simulation program. In general, the operating point required by the simulation

program many not be one of the stored data points so that interpolation between

stored data points becomes required. Because of the highly nonlinear nature of the

compressor performance curves, a large number of data points must be stored in such

a procedure to achieve sufficient accuracy when interpolation is employed.

Unfortunately, storing large amounts of data rot" the compression subsystem as well as

for other components in an engine simulation results in a large, inellicient program. It
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is for this reason that new types or compressor ma1, representation have been
developed.

One approach to compressor map representations is to base the mapson the useor
similarity parameters derived from further consideration or _he basic physics of the
component performance (Reference 25). This approach has been used for this
investigation. In order to define performance, (]) flow coefficient, (il) work coefficient,
and (ill) loss along the minimum-loss curve, known as the "backbone" of the map, must
be specified; as well as variations of (ix') loss and (v) l]ow rate along the speed lines.
These five curves together coutain the same information as traditional maps. At the

same time, they are al_proxintately pieeewise linear so that fewer (tata l)oint are

required to achieve the same accuracy when interpolation is necessary.

The five curves can be broken into two groups: (]) etliciency representation and (ii)

flow representation. Rather than using efficiency directly, loss and work coefficient

and their variation with ,'espect to the minimum loss point values arc used for

effleiency representation. The detinitions of work coetl]eient, pressure coefficient, flow

coefficient, and loss are illustrate_l i_l lqgure 2. The eharacteristics or loss versus flow

or work coefficient curves that ,,lake loss a good basis for a map litting procedure are

that the loss is always positive and finite and it exhibits a dctinite minimum value.

The WINCOF code has been modified to calculate the loss and the work coefficient.

In order to determine the minimum-loss values al each speed the compressor

pe,'formance is calculated at each speed over a range of mass flow rates (specified by

inputting a set or compressor inle.t flow coefficients). Although performance
calculations arc t)erforme(t for each stage, it is sulll('h,nt in calculations of overall

engine performance througll ._]n}uJatiolt to obtain the loss as an overall loss for an

entire machine or any section or it such as fa ,, LPC, or tlPC. Corresponding to each

loss value, there is a work coefficient, which may al::o be obtained as an overall value

for a machine or section thereof. After the ealeulation_ have been performed for the

desired range or flow coefficieJlt at a given speed, the minimum-loss value and, hence,

the corresponding minimum-loss work coefficient and minimum-loss flow coefficient for

the given speed are round.

After the mininlum-loss point (minimum loss, minimum-loss work coefficient, and

minimum-loss flow coefficient) has been ['otlnd at each speed in a desired range, the

minimum-loess and minimum-loss work coefficient ar,' plott, ed as a function or

rotational speed. These two curves are called "backbone" curves. The "off-backbone"

loss is then represented by a plot or the difference between loss at a value or speed and

flow coefficient and the minhnum loss value at that speed versus the square of the

difference between tile work coefficient and the minimum loss work coefficient. The

sign of the work coefficient ditl'erenee is retained and is used in l)lotting the two

branches of the bi-variate 1o_;_ representation. Plots of this loss correlation are fairly

linear over a wide range or work coefficient. Breaks ort,m occur near points of positive

stall and choking. These thrcL ,_lrves, shown schematically in Figure 3, complete the

etlieieney representation. Because the curves are fairly linear, fewer points arc needed

for accurate tabular representation in an engine simulation than for traditional maps.

The flow representation consists of two eurw, s. The first curve defines the mass

tlow for operatkm on the "!' _._<!,¢>ne" of the map an<l is a ph_t of minimunn-loss tlow
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coefficient versus rotational speed. The second is the "off-backbone" flow
representation which is obtained basedon the following consideration. If it is assumed
that the Maeh number is uniby at some point in the gas path of the machine when it
is operating at the choking or the maximum mass flow rate condition, then a critical
flow area can be calculated. Furthermore, if thb, flow area is aSSulnedto be constant
over the entire range of operation at a given rotational speed, then all mass flow rates
at that speed can be expressedrelative to the choking mass flow rate using a pseudo-
Maeh number defined as follows:

l{lcorr M

• ( }"lnc°rr'max l + M e a_T)

This pseudo-Maeh number is plotted as a function of the difference between tile work
eoeflleient and the minimum-loss work e<>eflieient for each speed and the set of these

eu,wes is refe,'red to as the off-backl_one flow represelltathm These curves along with

the "flow-backbone" curve define the mass flow. Again, the curves are fairly linear or

pieeewise linear so that a "table look-up" can be set up ill an engine simulation code

that will yield good accuracy with a relatively small number of entries. It is often
found that the solution becomes unstable at Math numbers close to unity. Thus, the

calculations for choking mass flow rate could not be carried out in the ease of the

selected generic engine, ttowever, since the mass flow rate which results in a choking

condition serves merely as the reference value for all other mass flow rates, the

maximum mass flow rate for which WINCOF calculations may be carried out in

practice in any given ease can be used as an appropriate reference flow. It is also
noted that the ratio of corrected mass flow rate to" maximum corrected mass flow rate

in Equation 5 is equivalent to the ratio of flow eoetlieient to maximum flow coefficient.

The lotus of values of pseudo-Math number as a function of the difference between

work coefficient and minimum-loss work coefficient for each speed is determined by

solving Equation 5 for M for the ,'ange of values or flow coefficient desh'ed.

3.3. Generating; the Performance Maps for the

Compression Subsystem with Water Ingestion

In conducting engine simulation with the compressor performance modified for

effects of water ingestion, several other considerations become necessary. Figure 4

shows t,he streamtubes of interest, in a typical high bypass ratio compressor. In

general, the performance or a compressor is different for different radial positions

across the gas path. That is, the work eoefl3eient and loss and the mass flow rate per

unit area vary in the radial direction at the exit of the compressor or section of the

compressor. With water ingestion, these radial differences in compressor performance

can become even more pronounced. During operation with air, acceptable

representat, ion of the overall performance values can probably be made by performing

calculations along streamline 2 for the bypass stream and streamline 5 for the core

stream (Figure 4).
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During water ingestion, two processes which must be taken into account in
turbomachinery are (i) centril'ugal action on droplets and (ii) int.crphaseheat and mass
transfer. These processescause continuous and substantial changes in the air-liquid
water mixture ratio along a strcamtube, which ill tllrn causes changes in the local
ae,'odynamic performance along a strealntube. Water will tend to become depleted
along streamtubes 1 and ,t. These changes in the state or the working fluid when

combined with the changes caused by aerodynanfic elfi_ct,s and heat and mass transfer

can in most cases be expected to give rise to nonlint'ar changes in performance

between the hub aim the tip sections The result is that streamtubes such as 2 and .5

may no longer be adequately r('presentative, mean streamtubes for the bypass and the
core flows.

Considering the core and the I)ypass streams, there is no simple way of assigning a

mean performance for either. Carrying out perfornmnce calculations for an infinitely

large number of strcamtubes and averaging the resulting values is unacceptable.

[fowever, simple averaging of performance obtained for a limited number of

streamtubes will in general not yiehl a meaningful mean performance. A fully three-

dimensional analysis of the compressor performance may provide a basis for

establishing the overall perfol'mallce. Such an analysis is beyond the scope or this

investigation. It appears that in the current state of knowledge, it is only possible to

consider certain streamlines as being representative of certain flows. On that basis it

is assumed that streamtubes 2 and .5 are rel)resentative of the bypass stream and the

core stream, respectively. It is clear that the performance of the fan, the LPC and the

tlPC are different and may be critical along streamtubes 1 and 4 during operation

with water ingestion. Itowever, f(_r (.his investigation it, is assumed that the fan and

the compressor tip effects may be considered separately from the determination or

engine system performance changes.

The stl'eanltubes 2 and 5 were established by connecting the locus of points which

divide the flow in the bypass and the core streams, respectively, in half during

operation at the design point. The location or each of these streamtubes has been

assumed to remain unchanged for all or, her operating conditions also. In general, the

radial position of the streamline that divides the bypass or the core stream into two

equal parts will change with speed and mass flow rate, but the change is assumed to

be small enough so that the streamtubes chosen remain equally representative of the

mean compressor performance for all operating conditions Furthermore, the bypass

ratio also changes with operating conditions. Again, for this investigation the bypass

ratio has been assumed to remain constant under various operating conditions.

In this investigation the steady state performance of each section of the compressor

subsystem (fan bypass, booster, and core compressor) has been obtained separately

over appropriate ranges of mnss flow rate and rotational speed. The results of these

calculations are three sets of steady state compressor performance maps.

In the generic high bypass ratio turbofan engine (Figure 1) the compression

subsystem has provision for bleeds (both between stages and between sections, (LPC

and HPC), a_d also for varial_le starer blade stagger angle settings. The engine

control system meters the bleed flow and changes the starer vane stagger setting.
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The compression subsystem performance has been calculated by making certain
assumptions about the changes that are expected to be made by tile control system.
Firstly, in regard to variable stator blade stagger angles, it has been assumedthat the
setting schedule is "fixed". That is, the stagger setting is related to a single engine
operating parameter namely the rotational speed. The performance maps for the
compression subsystem at various rotational speeds have been established using the
"fixed" schedule. Secondly, in regard to bleed flows, they fall into two categories. The
first category includes interstage bleeds the discharge from which does not reenter the
engine flow. For this investigation since the engine has been considered as operating
on a te._t stand, it is assumed that all interstage bleed valves remain closed. The

second type of bleed flow is that which passes through a variable area door r,-om the

core stream just aft or the supercharger to the bypass stream just forward of the

bypass nozzle. It has been assumed that the performance of thai, bleed valve remains
the same in the case of two-phase flow as in the ease of air flow. However, the

operation of the bleed valve during air-water mixture flow may become altered by the

input of modified values of temperature, pressure, and speed to the eontroller.

Thirdly, regarding the nature of lht: air-water mixture entering the bleed valve, it may

be observed that in the fan co,'e stream and the low pressure compressor some of the

liquid water is centrifuged. Thus, at, the exit of the supercharger, there is a higher
mass fraction of water in the tip region or at the core engine casing. Since the

variable bleed valve door is located at the eore compressor outer easing there is some

ambiguity about the state and composition of the air-water nfixture that can be

expected to pass through the bleed valve door. In that connection, it is assumed that
the mass fraction of water in the bleed flow mixture is the same as the local mass

fraction of water in streamtube 5. Fourthly and finally, it is assun,ed that in the swan

neck-shaped duet between the supercharger discharge and the core compressor inlet,

liquid water which accumulates in the blade tip region and vapor which accumulates

in the hub region in the supe,'eharger is redistributed across the entire cross section; in

other words, that a homogeneous ail'-_vater vapor-liquid water mixture enters the core

compressor.

3.4. Procedure for the Use of the WINCOF Code

It may be pointed out that in the ease of the generic engine, it is assumed a priori

that only design point data are made available. It is necessary therefore to obtain

details of (a) location and tlow area of streamtubes 5 and 2 and (b) deviation,

momentum thickness, and equivalent diffusion ratio corresponding to the design point

and then utilize such data for undertaking off-design calculations with air-water

droplet mixture flow. In other words the location and the flow area of streamtubes are

treated as fixed in all of the subsequent calculations performed with air-water mixture.

It may be recalled that the \VINCOF code incorporates a stage-stacking procedure in

obtaining the performance of a multistage machine.

The procedure for performance prediction consists of four major parts: (i) applying

two-phase |low related assumptions t.o the \VINCOF code and creating necessary input

data set for the code.: (ii) exercising the WINCOF eo(te to obtain design

point/reference values of data needed for subsequent design point caleulations

including streamtube area, _,,t,livalent diffusion ,'ati<), incidence angle, deviation angle,
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and momentum thickness for each blade row; (iii) adjusting coemcients AK1, AI(2, and

2d(3 in the aerodynamic rules to obtain an accurate prediction of the design point
performance of the compression subsystem, and (iv) exercising the \VINCOF code for

obtaining off-design performance over appropriate ranges _f mass flow rate, speed, and

water mass fraction. The procedure is repeated t'or ¢,a('h section of the compression
s u bsyst em.

The first part of the 1)rocedure requires that physical data describing the

mechanical elements of the compression subsystem and perforlnanee data specifying

the design operating point of the subsystem be available. The blade metal angles,

stagger settings, stator outlet flow angles, blade chords, blade hub and tip radii, design

point rotational speed, design point stage pressure ratios and efficieneies, and ambient

conditions at design are needed for each section of the subsystem. Details regarding

these data fc)r the coml)ression subsystem of the chosen goneric engine are included in
the Al)pendix.

In part two of the procedure, the WINCOF code was run with the design point

operating parameters and physical d;mensions of each ccmlpressor section as input. In
order to duplicate the exact design point performance for each secl, ion some additional

infornmtion was needed, namely: (i) the axial velocity at rotor inlet, rotor outlet, and

stator outlet of each stage arm (ii) absolute flow angle at rotor inlel, and rotor outlet of

each stage. \Vith this information, the absolute velocity was calculated at each

station, namely rotor inlet, rotor outlet, and stato," outlet. Stagnation temperature
and pressure were calculated at the rotor inlet, rotor outlet, and stator outlet of each

stage using the design point rotor and stage pressure ratios arid stage efficiency. Using

those values arid the absolute velocity, the static temperature and pressure, and hence

density were calculated at each station. Finally, using Equations (l) and (4) froin

Section 3.1, the design point/reference values of the non-dimensional wake momentum

thickness and the equivalent diffusion ratio were calculated for each blade row.

Part three of the procedure consists in carrying out a performance calculation

utilizing Equations (1), (2), and (3) at the design l)oint operating conditions and flow

coeflqcient as input and comparing the resulting predicted performance with the given

design point performance. In general, and as was observed in the case of the given

compression subsystern, such a comparison may reveal a need to adjust the parameters

AI(I, AK2, and AI<3 in Equal ioJts (2), (3), and (1), resl,eclively , to obtain performance

predictions that match given design point data t'or each section of the colnpression

subsystem. In the WINCOF calculation scheme, the stato,- outlet deviation determines

the net stage rotor inlet incidence. Thus by lowering coelficient AK1 in Equation (2),

the incidence and deviation angles for each blade row can be lowered, thereby

reducing the work input and the resulting pressure ratio for each stage. The ettieiency
can be raised by reducing parameter AK2 in the non-dimensional wake momentum

thickness rule (Equation 2). lisillg a trial and e,'ror procedure with the above trends

taken into consideration, a set (_t" values for the three parameters which resulted in an

accurate prediction of the design point performance was found for each section of tire

compression subsystem. It may be noted that the values of the three l)arameters were

hel,l c(mstant for all subsequent (olr-design) calculations.
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The final step was then to exercisethe WINCOF code over a range or speeds. The

range of mass flow rates utilized at each speed was chosen so that a sufficient number

of calculation points were obtained on either side of the minimum-loss point. Carrying

out the calculations for the above range of speeds and mass flow rates for one section

of the compression subsystem yields a performance map for that section which is

specific to the working lluid properties existing at the section inlet. These properties

include composition, temperature, and pressure. The final mapping step was repeated

rot" each compressor section for (i) standard temperature and pressure and discrete

values of inlet liquid mass f,'aetions of zero, one, two, four, and eight per cent and (ii)

a so-called "hot day" temperature and sl, andard pressure and water mass fractions of

zero and rot, r pet" cent.
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C[ IAPTER IV

ENGINE SIMULATION WITH WA'FElt INGESTION

The generic engine for which the investigation of time-dependent changes in

performance with water ingestion has been conducted tun be described as a two spool,

high bypass ratio tnrbofan with a bypass ratio o1' abollt 1.5. The core stream and the

bypass stream exhaust througll separate thrltstor nozzles. The engine is typical of

those used ilk large commercial and military aircraft.

The control is assumed to be designed to control ruel Itow and variable stator vane

position. It is basically a speed governor which senses engine rotational speed and

adjusts the fuel flow as necessary to maintain the desired speed as set by the power

lever. The eontrol system for both engine speed and variable stator vane setting is an
analog, electro-mechanical system.

The control system incorporates a fuel flow schedule as a function of engine speed,
which is then corrected with respeO to various other perforn]ance parameters under

existing operating conditions. In order for the control to) follow the resulting schedules,

the required l)arameters, namely, comlwessor (liseharge pressure, compressor inlet,

temperature and engine spee(l, must be aceuratelysensed. The eontroller acquires the

parameters through various sensors and then amplilies tale signal, eomputes the fuel
flow acceleration and deceleration limits, and imI)oses tile limits. The fuel llow is

regulated 1)y regulating fuel pressure. Part of the aetuaLion mechanism may consist of

a three dimensional cam. Moving the power lever then rotates the cam to set the

basic fuel tlow schedule req_lil'0,1 fl,' the chosen power setting. The (,am moves

laterally according to the ()l)0ratlng conditions and Llll,S imposes al)propriate limits on
the base schedule.

The variable stator vanes are controlled separatel.v t'r(ml the engine speed. The

actuation may be hydraulic with engine fuel as the ll_,',tium. The hydraulic signal is

determined utilizing two of the sensed parameters, namely compressor inlet
temperature and engine speed.

4.1. Description of Engine Simulation Code

The engine simulation program (Reference 21) used in this investigation is designed

to operate as a f,'ee standing program or as a subroutine in an aircraft simulation

program. The prograln contains performanee maps for each of the components in the

engine system, logic which models the control system including prescribed control

schedules, and logic which makes certain that the components are matched at t,he

operating point ealeulated. For eaeh eomponent in the engine there is a subroutine.

The subroutines are arrang0¢! in the order in which the components appear along the

gas path. They Col,tail, tile logic required to extract (lata fro,,, the performance maps

based on the initial aim oper:tt]t_g conditions ehosen for each component at the design

point. I]owever, the initial an<l operating eonditi(ms l'or any component can be

expected to vary depending Ul>on the ol)erating con(lili<,lS of the engine. (:orreetions

ar(, al_l)tie¢l to the Imse vallic_ ,)r i>,rf(wntatlce (l:lia _,f<,l'_'_l in tlw c(mll)onent maps.
'l'lws(, ('(,rr(.('li(_Jis, wl_i('h ,r,, it, Ill(, f<,'tn ()r .,,(':,l._r._ :,l_,l a(I,h,rs, ('all Iw e()nsi(h,r(,(I
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analogous to control system functions in an actual engine.

The program contains provisions for specifying the following: (i) control system

logic options, (ii) fixed flight/ambient conditions and (iii) time dependent quantities

which prescribe the simulation case to be run. The control system logic options include

some that are of importance to the investigation. In the compressor analysis since no

interstage customer bleed flows are considered, options for turning off such bleeds in

the engine shnulation are used. Another option used is the idle selection switch. This

sets a minimum limit on tile desired core engine speed regardless of how low the power

lever angle is set. The fixed flight/alnbient conditions include temperature, pressure,

geopotential pressure altitude, and absolute humidity. The temperature and pressure

are input as increments added to the U.S. Standard Atmosphere, 1962 (Reference 26).

The temperature and pressure increments may also be given as a function of time.

The inputs which specify a simulation case are fuuctk,ns of time. Piecewise linear
functions are established by giving tile value of a variable at the beginning and end of

any specified time period. The value of the variable at times which fall between the

end points of tile specified time period are round by linear interpolation. The time

dependent parameters available for specifying a ease are flight Mach number,

geopotential pressure altitude, and power level" angle.

The outputs available in the engine simulation program include overall engine

performance parameters such as thrust, engine pressure ratio, specific fuel
consumption, total fuel flow rate, total inlet ail" mass flow rate, core speed,

supercharger speed, etc. Also, fluid l_roperties are available at various stations in the

core and the bypass streams.

The engine simulation program also provides diagnostic output of two types in the

form of numerical status indicators (N.S.I.'s) pertaining to: (i) engine performance and

(ii) computer system or program status. The engine performance N.S.I.'s are printed
when a specified engine performance limit is reached. The engine performance N.S.I.'s

correspond to various physical limits on operating parameters of each component.

!_, Ang simulation program execution, if tile value of an operating parameter exceeds a

preset physical limit, an engine performance N.S.I. is printed and the calculations
continue with tile value of the operating parameter set equal to its physical limit. The

engine performance N.S.I.'s are useful in analyzing results of simulation eases. Some

examples of these are "fuel tlow exceeds pump limit," "low pressure turbine inlet

temperature exceeds maximum allowable," "physical o1" corrected core speed exceeds

maximunl '_!lowable," etc.

-,ystem N.S.I.'s indicate fatal errors, that is, those which cause program execution

to stop. l"ypi0al system N-C.I.'s give the name of a component subroutine in which the

calculation pc. ' fails to conw_rge to a stable value, or they may tell the user that the

mz._ximum number of intel'aetAons selected originally is exceeded before convergence.

System N.S.I.'s also indicate when part of the input data is out of the allowable range

or is incorrectly given.
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•t.2. Incorporating \Vater Ingestion into an l']xl_ine NinJulation Co<le

.as slated earlier, in tile c()ml)onent subroutines the base values of performance

parameters are retrieved from the stored component mal)S and the base values are

modified according to control system speeitications and speeitie ol>erating conditions.

The effects or water ingestion on the compression subsystem performance and

subsequent overall engine performance are incorporated into the simulation code in a

manner which follows logically from the original prograln structure.

The \VINCOF code was used to obtain the t,erform:tnce maps (in the form of t,he

five linearized curves giving flow and ellleieney rel)l't,senlatlon ) for the fan bypass

stream, the supercharger section stream, and the core COml,ressor stream individually

for a series of values of inlet liqllid water mas_, fraction with other ()perating conditions

held constant. For ea('h point stored in the base maps a corresponding correction

value was stored in another table, the (.'orl'(_etion rel)v('senting the deviation in the

value of the performance l)aran_eter (luring water ing('_ti(m from the base value for dry

air operation. The eorrect, i(m valu('> a cl.,l:Llly vary t'()r ,lill'(','ent sets ()f inlet eon(liti(ms

including teml)erature , l)VesslLr_ ,. huJt,i(lity, and n_:tss I'v:Jction ()1' water in the mixture

entering the engine. The I,::sic (qlgine si,._,lal, i()ll i,v()gram can l)rovide engine

performance for any given s(.t o[" the ambient co,_(lil.icms, l lowever, the interphase

heat and mass transfer processes, that occur in _he con_pression subsystem, are greatly

affected by the ambient temperat_tre. These processes in turn have a significant effect

on the overall compression sul)system pcrl'ovmance and hence on the engine. An

unreasonable approach to the l,vol)lem wouhl I)e to store correction maps for an

intinite set combinations ()t" inlet c(,nditions, l"urtherm()re, there is no siml)le method

for modifying the values ol)t_ained for a few sets of inlet conditions such that they are
valid for all cases. Accordingly, performance calcula*i()ns have been carried out at two

selected values of temperature, namely (i) standard ,lay, 51g.7R, and (ii) hot clay,

589.7R. The inlet air is assumc(I t() be saturated with water vapor when either

temperature is used. In this invest, igati(m the ambient, l)r_.ssure has been held constant

at standard value of pressure, l"()llr inlet mass fra(:th)J_._ ()f wat(,l', Xw, equal t() ()he,

two, fou,', and eight per cent, were conlsidered. "l'h(, I_('rformance map ('orrecti(m

tables were establishe(I for ('a('h of the inlet water mass fraction:; I'()v l,he standard day

t enlperatul'e and, as a rel)vesentalive ('ase, for a wal.(,v mass fva(,I.i()n o[' four per ('(,lit,

for the hot clay t,eml)erature. In view of changes in wa(ev c()n('(,ntrati()n ah)ng the gas

path that occur under any engine ()pevating condition, n(,('(,ssary logic has been added

to the engine simulation progl'am for utilizing at any (lesired location the correction

tables corresponding to one of the integral values of water mass fraction nearest to the
actual value of water concentration.

In the current investigaliolt, the emphasis is, as slated in Chapter lI, on the

determination of engine f)evf(>l'mancc changes due, solely, to modification in the

perf()rman('e ()r the air (:Oml,'J'('ss()r subsystem with air-water mixture tlow. The effects

of nit-water mixlure [low on th(, l_erf(),'mal]cc ot" the othel" engine COml)onents arc not

considered. In that contexl, two limiting cases have been selected in order to isolate

and to explain the effects ()f compression subsystem changes on engine overall

performance. The eases arc :is rollows: (i) all liqui(I water is removed before the
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mixture enters the burner and (ii) all or some of the water entering the burner
undergoesflash-evaporation at s¢)melocation in the burney. In both casesall of the
water is assumedto be removed fl'onl tile bypass stream before the mixture enters tile
bypass stream nozzle. Thus, in both casesall of the "hot" components and the two
thrustor nozzles are expecte, d to operate with gaseous working llui<l except t'or tile fuel

and water entering the burner. The second case has been further specialized to

examine two possibilities of burner location where flash-evaporation may occur. The

evaporation is assumed to occur at either the burner entry or the burner exit,. The

enthalpy, temperature, and composition of the gaseous phase are adjusted at the
station at which tile evaporation is assumed to take place. The mass fraction of liquid

assumed to evaporate is added to tile local water vapor mass fraction. Tile enthalpy

of the gaseous phase is reduced by an amount equal to the product of the mass rate of

vaporization and the latent heat of vaporization at the local pressure.

4.3. Procedure for the IJse of tile Engine Sinmlation Code

The procedure rot" using the engine simulation code is given rot" two cases of

simulation of engine operation during water ingestion with standard control: (i)

operation with standard and high ambient temperature values and (ii) operation with
an error ill the high pressure compressor inlet temperatuce value which is an input to

the control system.

4.3.1. Shnulation Procedure for Water In_;estion During

Standard and Hot Day Conditions

Subroutines were added to covr_,ct tile three compression subsystem section

performance maps in order to take into account water ingestion effects. These
subroutines are organized such that there is a complete set of water ingestion

performance data, corresponding to the original performance map data, for each

temperature and mass fraction of waler considered. These water ingestion data are in

the form of additive corrections to be applied to the conlpressor performance map data

that are retrieved by the engine simulation subrout, ines. Tile water ingestion

performance data are specific for each ambient temperature considered (standard day,

518.7R, and hot day, 589.7R) and water mass fraction (zero, one, two, four, and eight

per cent).

Modifications to the subroutines were necessary to account fo," the draining and

evaporating of the water as specified in the input data. In the bypass stream, the

subroutine which models the ran discharge was modified to account for the reduction

in mixture mass flow rate when liquid is drained off. The subroutine modeling the high

pressure compressor discharge was modified in a similar fashion. The burner
subroutine was modified to calculate the enthalpy change of the gaseous mixture

working fluid due to evaporation of water at the entry or the outlet sections of the

burner.

The modified engine simulation code is exercised exactly as the original code is,

except rot" the requirement that additional it'tput must be supplied to specify initial

conditions of the water ingestion case.
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4.3.2. Simulation of an En_;ine with Control Input Error

It has been stated ill Reference (14) that tile observed anomalous performance

during water ingestion tests could be traced to the error ill tile output of a

thermocouple located on tile casing wall at the entry to the high pressure compressor

and providing an input to the engine control. The thermocouple which may have

become immersed in the water centrifuged to the casing wall could have sensed and

transmitted the water temperatu,'e rather than tile local gas temperature. When

fairings were placed around the thermocouple, tile engine performance became closer

to that expected under the given operating conditions. It was concluded that the

faMng employed helped to prevent the thermocoul)le from becoming sul)merged in

water, and therefore, the thermc)COul_le could transmit the, l¢,cal gas 1)hase temperature

to the control system.

Considering those o}_scrv:tti¢ms, a test case was chos_,n t'_r simulation ill which it

was postulated that there occurred an error ill the OUtpUt ,,f the thermocouple that

sensed the temperature, T25, at, entry to tile core COml,ressor. lnt the generic engine

that temperature is an input to the control system. The control system regulates the

position of the variable bleed vane and also the staler stagger angles. Those features

have been included in the engine simulation code wherein the base values of the

variable bleed valve area schedules and the stator stagger angles are stored in the

form of maps. In order to analyze the test case with an error in tile thermoeouple

sensing the temperature. Tea, it is therefore neeessary to set up procedures for varying

the schedules for tile variable bleed valve and the state," stagger angles.

For the variable bleed valve :,._'oa the change corresponding to the temperature

error is applied quite simply. Tile corrected speed and the compressor inlet

teml)erature itself are parameters in the varialolc 1,1e<_,t valve map. The corrected

speed is recalculated using the sensed temperature. Necessary additions were made to

the simulation code for utilizing tills value along with tim sensed teml_erature itself in

order to obtain the variable bleed valve area from the stored maps.

The method of accounting for the relationship between temperature, T2s, and

stagger setting of the stators in the engine simul;ttion ('c_le is more complicated. The

performance of the core compressor depends on (a) the conditions at entry to it, (b)

the true corrected speed, and ((') the corrected sp('('d ('c_r,'esponding to the incorrectly

sensed temperature. The latter determines the staler stagger angle setting and hence

the aerodynamic performance. The compressor is operating at the true corrected

speed but with stagger setting corresponding in the erroneous temperature-based

eorreeted speed. The procedure for calculating the performance, utilizing the

compressor performance maps, for any given value of temperature error is then as
follows.

Now, in the actual engine, adjustlnents are made to the staler setting as a function

of tile sensed value of T25 thrcmgh the action of the control.

In the engine simulation code, there is a fixed (meaning, function or speed ()lily)

staler setting schedule. The stator schedule is stored as a function of corrected speed

corresponding to a reference '1'=5. The effect or stator setting adjustments on
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compressor performance maps is provided in tile form or corrections represented by

functional relationships.

In a given case of error in To.s, then, the stator setting value is obtained

corresponding to the true corrected speed as well as the corrected speed with respect

to the sensed (erroneous) temperature. The difference between the two stator setting

values is utilized in the functional relationships to obtain the adjustment to the

compressor performance. The adjustment is in the form of scalars to be applied to the

performance maps corresponding to the true corrected speed.

The procedure thus involves applying a correction for the error in T2s with

reference to the compressor performance that should have been obtained at the true

value of T2s and the rotational speed of the compressor.

The procedure described in the preceding discussion applies both to the ease of

operation with air flow and to that with air-water mixture llow.
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CHAI'TER V

It ESI rI,TS

Tile results of tile perfornlance lwedivtion ealculathms :ire divided into two groups:

(i) those l)ertahling to the air compression subsystem an,l (ii) those l,ertaining to the

engine system. Both sets of results al>l_ly to l he getwric engine with its stamlard

control system. The cases for which the comprcssicm sul_s.vstem performance has been

obtained and the test cases carried out utilizing tlle engine simulation code are

outJined in the lirst section. The re.suits of the colnl)r_'ssicm subsystem performance

calculations are presented next. Fimfllytheenginesimt_lation results are discussed.

,5.1. Test Cases

Complete performance maps for each of the lJiree sections of the compresshm

subsystem are necessary corresponding to operation during water ingestion with each

inlet mass fraction of water :tnd each ambiettt teml)erattlre selected. The performance

maps have been obtained for i,he I'_>l:,)wing cases: (i) colut,ressor operation at, standard

ambient temperature with wat+er ingestion inlet mass fractions of one, two, four, and

eight per cent and (ii) eolnptessor Ol)erati_m at hot day ambient tentperattlre with a

wal, er ingesLion inlet mass 5'action of four per eel,t.

\Vith the compression subsystem 1)erfox'mance data, corresponding to operation

with various water ingestion cases stored in the engine simulation code, the code can

be exercised for a variety of cases. The results of eacll test case are plots of various

quantities descril0ing engine l_er['(_!'lnallce as a funcl, i()l_ of time. These data are

divided into three groltps and plotted on three separate sets of axes. The three groups
are as follows:

0) Core rotor corrected sl_eed as a percentage of design point
* ,)E ). U:eore rotor corrected sl_ee¢l, P(.N_oIt, or ¢ N," booster rotor

corrected speed as a percentage of _h,,sig, n point booster rotor

corrected spee¢l, I'CNI2[_; or <':/:,Nl_; fan pressure ratio,

1'13Q12; or FAN I'.H; and booster i_ressltl'e rat, h>, 1'93Q2 ¢)r
BOOSTH_ 1'.1_.

High pressure (,()ml_vessor pressure r'ali¢_ 1'3Q_5; or I II'(: l).l{;

booster illl01 corrected working lluid mass tlow rate in pounds

per second, \'\:_I{; or lh,.,c and high presslln'e compressor inlet

corrected working tluid mass flow rate in pounds per second,

w'_,sP_ o,. th._,_.

Fh)w rate of fuel in pounds pet" hour, \VI:E: or li_f; specific fuel

eonsumpthm in i,¢)_ln<ls per hour of t'_lel l,er pound of tllr_tst,

SFC; and gro_.s l lll'_st in pounds, FG or TIII{IrST.

The test cases r_n inclu{le t lw I'ollowillg t,yl,es:

(i) :kcceh,rali(>n I'l'<_ gJ'()_In,l i_lh' lU)Wcr s_'ll.itll_ I<) ,||;IXilU_i_ll

I_()WI'I" ,'-,Ir'll,illg WiI,]I Ilie lt{)wl'r h,vcl" Cll:l leJ' ()l:'l'lll'l']ll_ (;IVl'l" :.1
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one-second period, ACCEL.

(ii) Deceleration from maxhnum power setting to ground idle
setting with the power level" change occurring over a one-

second period, DECEI,.

The eases are further distinguished by the mass fraction of water ingested, the

ambient temperature and the method of handling the water after compression. When

the ease is based on assuming an ambient temperature of 130 F, the ease is designated

IIOT DAY. When all of the liquid is assumed to be drained from the core stream and

t,he bypass stream after eompressi_m the case is designated DRAINED. When all of
l,l_e water in the core stream is assumed to be evaporated at the burner entry the ease

is designated EVAPORATED. Other eases not involvillg complete evaporation are

described according to the location and mash f,-aetion of evaporation, for example,

"two per cent ingested; one per cent, evaporat.ed at burner entry." Finally, there are
eases in which a temperature sensing error" o1' either 10 F or 40 F is simulated; these

are designated by either 10 1: TEMP1,;RATURE ERROR or ,t0 F TEMPERATURE

ERROR.

The following is a list of etlgill_ simulation cases presented in this Report. All of

the eases pertain to static operation on ground.

1) DRY, ACCEL;

2) 1% INGESTED, DRAINED, ACCEL;

3) 2% INGESTED, DRAINED, ACCEL;

4) 4% INGESTED, DIIAINED, ACCEL;

5) 1_ INGESTED, EVAPORATED, ACCEL;

6) 2% INGESTED, EVAPORATED, ACCEL;

7) 4% INGESTED, EVAPORATED, ACCEL;

8) DRY DECEL;

9) 1% INGESTED, DRAINED, DECEL;

10) 2% INGESTED, DRAINEI), DECEL;

11) 4% INGESTED, DRAINED, DECEL;

12) 2_, INGESTED, 1% EVAPORATED AT BURNER ENTRY,

ACCEL;

13) 2% INGESTED, 1/2% EVAPORATED AT BURNER ENTRY,

ACCEL;

14) 2% INGESTED, 1/% EVAPORATED AT BURNER

ACCEL;

15) 2% INGESTED, 1/2% EVAPORATED AT BURNER

ACCEL;

EXIT,

EXIT,
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16) HOT DAY, DRY, ACCEL;

17) HOT DAY,-t% INGli;STED, I)IIAINED, ACCEL;

18) IlOT DAY, .1% INGESTED, c_, cV1 ,c, 1_ APORA FED AT

IIURNER ENTI¢Y, AC(:EI,;

19) IIOT I)AY, ,of", ¢, IN(,ESTF.D, l/2% I!;VAPORATED AT
BI.IRNEII [CNTI{Y, ACCIgl,;

20) HOT DAY, <1% INGESTED, 1% I_;VAPOIIA'I'ED AT

BURNER EXIT, AC(:FL;

21) tiO1' DAY, t<'h INGESTED, 1/2% EVAPORATED AT

BIIRNER EXIT, AC('EI,;

22) 10 F TEMPEtlATIiRE F;RIIOR, DIIY, MAX POWER;

23) 40 F 'I'I:'NlPt"I_ATI_IIE EI_I{OR, DI_Y, NIAX PO\VER;

2,t) 10 F "I'EMPEI{.XTII;I!] I,;I{I{()R, 2% IN(I_I';N'I'EI), DRAINED,
N,L_X P 0 WE R:

2,5) ,t0 F "I'EMPEItATIrI{E ERRO|t, 2% INGI:;STED, DRAINED,
NbLX PO\VEI {;

26) 20 F TEMPEIIATUllE ERI{OR, DRY ACCEL;

27) 10 F TEMI'IDIIATURE ERROR, 2% INGESTED, DRAINED,
ACCEL;

28) 40 F TEMPERATURE ERROR, DRY ACCEL; AND

29) 40 F TEMPERATUIIE ERROR, 2% IN(II:;STED, DRAINED,
ACCEL.

It will be observed in the foregoing list of test cases that no mention has been made

of the predictions carried out for the case of eight per cent water ingestion. It was
found that, with eight per cen_ water ingestion, even in the most favorable case of all

of the water being (h'ained at the end of compression (bottl_ in the bypass and in the

core stream, it was not possible with the engine simulation code to obtain acceleration

or deceleration of the engine with power lever angle changes carried out over one

second. Accordingly, it has been considered n(_t ,,_efut to provide details of
lmrformance for those cases.

5.2. Performance of the Compression Subsystem Operating

at Standa,'d Temperature with Water ln_;estion

The WlNCOF code has l_een used to generate performance maps for each of the

three compressor sections (fan bypass, booster, and tt.P.C.) for operation with water

vapor-air-liquid water mixtures. The rosulting maps are shown in Figures .5.1 to 7.3.

The high pressure coml),'ess(w Imekl,one curves (wllicll ]lave Iw.en defined in Sectioli

3.2) for three air-water lltix'l_,e c_)lliltositions ali¢[ ,[l'y air are giv('n 111Figure 5.1. At



2(.)

low rotational spee(ls, tile ([i[ference between ol_el'atkm with dry air and air water

mixture iJl work coefficient an(I flow coe{llcDllt, at ininilnum loss is small. It may be

interesthlg t_o not.e thai, e×perinlent,s have shown (l_eference 27) that water ingestion

degrades the perforulance of an axial [low COlnl)res'_or much more at, high tlow

coetlicients and�or spee(Is thau at, low tlow coel[icient._ and/or speeds. At high

rolaLiolml speeds, the ditference iu the saln(' quantities I)etween ()l_eration with dry air

and air-water mixture I)ecomes nol, iceal)le. Both at low and high speeds, there is a

signitieant ditt'erence ill lninimtlln k>s I)etween the _nlne lwo cases of operation. These

observations lnay be related t.o the influence ()t' _he t%llowing: (n) centrihlgal action

that, causes nlost of streamtul_e 5 Lo be (lepl(%ed of waler; (b) l)lockage (lue _o presence

of waLer and (c) increased aerodynamic losses due l,c) l)resence of water tihn on blade

Stll'faces.

Next, considering l:igure 5.2 wherein the "off-lmckbone" perf()rUlanee is shown, it

call be seen bhal, the "()ff-1)aekl)one" l)erf()K'm:_n('e (Ioes n()l, val'y ]l| a (,()llS]SLelll, nlallll('F

for various mass fra('t,i()ns ()t" v_al,er in relalkm I,() l)ert'(n'nmn('(, wit, h _lry air. Similar

trends nlay 1)e ol)served in some ('xl_erim('nl, al r(,stJlts (l{(,l'er(.nc(' 27). These results

may 1)e relate,I 1() llle hal are :ln,l zlmgllitll(h' ()f v:lvi()us losses assunl('(I to I)(' occurring

during water ingesti(m.

In general, for the high pressure COml_ressor, the etli:ets of water ingcstion occur ill

a nonlinear fashkm with respect I() lnass fraeli(m of water in the inlet llow. That is,

the (litf('r(_nce I_etw(,('n l)erfornlance I>ar:lnl('l,('rs i_r('(li('t('(l ['()r till' c()ml)r(,ss()r Ol)('rat:illg

with (me per c(,nl, In;lss fra('l,](m ()t" _val('r :lil_l llt(>se for (Iry air ()p('r:tti()n is i,im'h

greater t h:tn l h(' [lillercn('(' in i,(.rl'()r_a_e(, imr:tlnel,(,rs i)re_li(,t(,_l I'(n" tit(' ('()ml)ress()r

operating with t_vo, l'o_', an_l als()eighl, l_er ('ent _uass fraction ()1"water an(I lh()se for

ol)eration with one l)er cent mass fraction of wal,'r. This lnay I)e due to the fact that

many of the lal, er stages of l,he coinl)ressor are operating with all of the liquid water

centrifuged from the strealn tube l'()r which caleulal, kms are being done. Thus, ally
diffe,'ences in calculal, ed overall [)erf()rnlance for various inass fractions of water may

be due to differences which occur in the first four l,o six st.ages in which liquid water is

present at the mean streainline.

The predicted 1)ooster perl'orm:tn('(' (streanltube 5) is presented in la'igures 6.1 to (i.3

and the prc(licte(1 fan I)erf()rmane(' (streau_tube 2) is l)res('nte(I in l,'igures 7.1 to 7.3. It
can be observe(l, c()l_sistent wil, h tit(, argulnenl, s present(,([ in [he ease of the core

compressor, thal, the elfects of nlass I'r:-tct,ion of liquid in the inlet [low are illCl'easil_gly

greater for tile booster and the rail which have fewer sl, ages than tlle higll pressure

compressor. In the booster, some of the water is eel_tl'it'uged bul, most stages operate

with liquid wa_er along strealntube 5. In the fan even less o[' [he wat, er is centrifuged

out of stre amtul)e 2.

The "l)ackl)one" curves f()r both the' fan and the booster have some charaeteristi('s

whiell differ from lhose of the high l)ressul'e eompress()r "backl)on(," curves. C()n_Imring

the predicle(l l)erl'ormance given in Figure 5.1 for l,h(, (.()re eOnll)ressor wil, h that, given

in l:]gure 6.1 and 7.1 for the b()osl('r and the fan, resl)eetively, the t'oll()wing can be

observed. V()r inleb lnaSS fracl, i(ms of liquid water greater l:han ()ne per cent, the

minimum loss work co(,tli(':eI_t is gv(,al('r 1.llan tl_at ['(>r(try air at all sp(,eds. Similarly.

t'()r w:_l('r lu:_ss I'r:_cli(ms Izv,'al('v t!_:_l_ ()_(' I)('r ('('hi, I I_(" _dni_ln I()_s Ilow coelli('ien( is
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less than that for dry air at all speeds. These are tile same as tile trends in the high

pressure compressor performance. Ilowever, for an inlet mass fraction of liquid water

of one pet" cent, at low speeds tile minimum-loss work eoemeient and minimum-loss

flow coefficient are less and greater, respectively, than those for dry air operation.

It is next considered of interest to examine the individual intluence of various

processes considered with respect to tlow of air-water mixture in the compression

subsystem. The booster has been chosen for tl,is study. Figure 8 contains the

"backbone" curves for the booster operating with dry air and with a water mass

fraction of one pet" cent. For the water ingestion condition, three cases are shown: 1)

both heat and mass transfer and centrifugal effects included, 2) centrifugal effects

included but heat and mass transfer not included and 3) only heat and mass transfer

included. Ttle "backbone" curves for both cases 2 and 3 are closer to curves for dry

air operation than the curves for case 1: case 1 in('ludes alt of two-phase flow effects

treated in the analysis used in the WIN('OF code. The removal of centrifugal effects

causes the minimum-loss tlow coetllcient for one per ce.t water ingestion to be less

than that rot. dry ah" operation at all speeds. O11 the othor hand, in the absence of

centrifugal effects, the mil_imunl-loss coellicient for one per cent ingestion is greater

than that for dry air at all _l,oeds. The centrifug:_l action has a greater effect on

compressor performance than do transport processes, l"urthermore, the centrifugal

effects are independent of water mass fraction since gravitational and droplet-droplet

interaction effeets are small for the range of mass fractions considered (References 28
and 29).

The foregoing considerations may also explain the fact that the behavior of the fan

and booster are similar at low sl_ceds. At higher rotational speeds, more liquid is

centrifuged but the booster performance deteriorates with water ingestion in a manner
similar to that of the high pressure compressor.

The "off-backbone" perfornmnce of both the fan and booster with water ingestion is
similar to that for the high pressure compressor in that relative to the "backbone"

performance no consistent trends appear with respect to water mass fraction. The

"off-backbone" performance of the fan with water ingestion, both the effieiency

representation and the flow representation (Figures 7.2 and 7.3), is very close to dry
air performance for high and low speeds. The "off-backbone" performance of the

booster with water ingestion (Figures 6.2 and 6.3), however, does not resemble the dry
air performance.

5.3. Hot Da,v Compression Subsystem Performance

Figures 9.1 to 11.3 are the so-called "hot (lay" performance maps for the high

pressure compressor, the booster and the fan, calculated for an ambient temperature

of 130 F and a water mass fraction of four per cent. The air is assumed to be fully

saturated at 130 F. An inlet water mass fraction of water of four per cent has been

chosen as an example, also because the military specifications for water ingestion

engine tests specify four per cent (Reference 30). In each figure, the performance

l_arameters for dry air at standard temperature, dry aic at 130 F, saturated air-liquid

water mixture (X w = (I.(14) at 13(I F are plotted for comparison. The effect of elevated

temperature is, in general, a deterioration in perforlnance relative to that obtained
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under standard temperature conditions. However, the "off-backbone" performance,
both flow and efficiency representations, are similar for standard and hot day
temperatures as seen in Figures 9.2 and 9.3, 10.3, and 11.2 and 11.3. This result may
be explained in relation to experimental observations (Reference 27) noting that the
performance of compressorsoperating under conditions far from minimum lossor high
efficiency points is most strongly influenced by the aerodynamic and mechanical design

of the machine rather than by the ambient conditions or water mass fraction.

Some trends in the "backbone" curves for the high pressure compressor (Figure 9.1)

may be of interest. First, the mininlum-loss flow coefficients of the dry, hot day

conditions are higher than those for the dry, standard temperature conditions at all

speeds. The minimum-loss flow coefficients for foul" per cent water ingestion and hot

day conditions, however, are significantly lower than those for the same mass fraction

of water ingestion under standard temperature conditions. It may be recalled that the

predictions have been based on the assumption that the location in a compressor
where the flow becomes choked when the machine is _perating with the maximum

mass flow rate is the same for all inlet conditions and that the effective flow area at

that location remains constant. Within the compressor the difference in working fluid

temperature for standard and hot day conditions decreases after a few stages of

compression, absolutely and as a percentage of the local working fluid temperature.

Thus the performance difference between hot day and standard day operation in the

later stages of the compressor is small. However since the density of ingested fluid is a

function of inlet temperature, the flow coefficient becomes higher for the hot day to

obtain the same mass flow rate as for the standard day. On the other hand, when

water is ingested during hot day couditions, the mass transfer rate from liquid to

vapor state is siglfificantly higher than for standard temperature operation, causing

the gas phase mass flow rate to increase along the flow path.

The minimum-loss and minimum-loss work coefficient curves as a function of speed

(Figure 9.1) are affected significantly by high ambient temperature. The minimum-loss
work coefficient "backbone" curve for hot day conditions differs form that for standard

temperature conditions in a complex way. At some speeds the hot day work coefficient
curve falls above the standard day condition work coefficient curve and at others it

falls below. The minimum-loss is higher for hot day, dry conditions than for standard

day conditions. Since the minimum loss curve is smooth and the difference between

hot day and standard day minimum loss is approximately constant, the wide variation

of minimum-loss work coefficient then indicates that the pressure coefficient at the

minimum-loss point is also varying widely.

It is interesting also that while the minimum-loss values for hot day, dry conditions

are higher than those for dry standard day conditions, the minimum-loss values for

operation with four per ceil:, water ingestion and hot day conditions are lower than

those for standard day temperature and four per cent water ingestion. The energy

absorbed by liquid water during phase changes lowers the gas phase temperature

yielding a higher adiabatic efficiency or lower loss.
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5.4. Engine Simulation Results

The engine simulation test cases investigated can be divided into four groups in

which engine performance is examined with respect to (i) various water ingestion mass

fractions, (ii) various assumptions about the two-phase flow in the engine, (iii) high

ambient temperature, and (iv) errors in control system input. The performance

parameters obtained in each case as well as the list or cases studied are given in
Section 5.1.

5.4.1. Effects of Mass Fraction of Water Ingestion

As a basic study on engine performance with water ingestion, the engine simulation

code has been exercised for acceleration tests from idle to maximum power setting,

and for deceleration tests from maximum power setting to idle setting. The ambient

conditions are standard temperature and pressure with either dry air or saturated

(with respect to water vapor) air-water droplet mixture flow. The operating condition

is static and the power lever angle changes are made in all cases in one second. The

water ingestion mass fractions used are one, two, foul-, and eight per cent. Two cases

of engine operation are considered as follows: (i) cases in which all of the liquid water

is drained form the core stream and the bypass stream after compression and (il) cases
in which all of the liquid water is drained fronl ttle bypass stream after the fan and all

of the liquid in the core stream is flash-evaporated at the burner entry. In each of the

test cases, a program execution period, called hereafter the simulation period, is

chosen as the period at the end of which the desired terminal equilibrium state is
expected to be obtained.

The results of engine simulation cases with zero, one two, and four per cent water

ingestion are shown in Figures 12.1 to 22.3. In gene,'al the nonlinearity in compressor

performance deterioration with respect to the magnitude of water ingestion mass

fraction is evident in the overall engine performance. The difference between dry air

performanee and performance with one per cent water ingestion is much greater than

the difference in performance between cases of one per cent and two per cent water

ingestion, and so on. However, the performance changes do increase with water mass

fraction, such that for high values of water mass fraction the program terminates

execution (as indicated by a system N.S.I. or a fatal numerical status indicator) before
the end of the stipulated simulation period.

For the acceleration tests performed while assuming that water is drained from

both the core stream and bypass stream after compression, the controllability of the

engine is not affected significantly. This can be seen by comparing the transient

performance of the engine during an acceleration test for the ease of dry air operation

as shown in Figures 12.1 to 12.3 with that for the case or operation with air-water

mixture, with mass fracti¢ _s _f water or one, two, and four per cent,, as shown in

Figures 13.1 to 13.3, 14.1 t() 1,t.3, and 15.1 to 15.3, respectively. During water

ingestion, the engine reaches a steady state condition in a period one-half to one

second longer than it does when operating with dry air. The steady state point,
h(_wcver, varies t'or differep.t cases of water ingestion and all of them differ form the

dry air case. The rotational si_eeds of both the core _ngine and the booster decrease

with increasing inlet maq'_ t'_'act!on of water. The work input to the air-water droplet
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mixture is then decreased resulting in reduced thrust. The specific fuel consumption

increases with increasing inlet water mass fraction.

The controllability of the engine during the deceleration tests is not significantly

affected when all of the liquid is drained from both streams after compression. This

can be seen by comparing Figures 16.1 to 16.3, which represent dry air operation, with

Figures 17.1 to 17.3, 18.1, and 19.1 to 19.3, which represent operation with water

ingestion mass fractions of one, two, and four per cent, respectively. The rotor speed,
mass flow rate of mixture into the engine, engine pressure ratio, etc. and consequently

the thrust and specific fuel consumption show degradation similar to that for the

acceleration tests. However, when the inlet mass fraction is four per cent (Figures 19.1

to 19.3), program indicates that the low pressure turbine inlet temperature exceeds the

maximum allowable value. This condition is not fatal and the program continues to

run.

The next test cases to be examined are those in which liquid in the core stream is

flash evaporated at the burner entry and liquid in the bypass stream is drained aft of

the fan. Flash evaporation of water at burner entry causes significant performance

changes compared to draining the liquid from the two flow streams, as seen in Figures

20.1 to 22.3. For all four water mass fractions used, the engine simulation code

encounters difficulties in completing the calculations between the chosen power

settings. Only when the inlet mass fraction of water is one per cent or less can the

engine simulation code complete a test run.

For one per cent mass fraction of water (Figures 20.1 to 20.3), the calculated

match points at nearly every time step fall out of the range of the stored burner

performance maps. This suggests that during a similar test on an actual engine the
control system may cause the burner to operate outside its specified range, perhaps

with respect to air and/or fuel mass flow rates or temperature. For a mass fraction of

water of two per cent, the same type of burner performance is obtained as for the one

per cent case. However, the calculation fails to converge for this value of water

ingestion and after approximately eight tenths of a second of simulation time the

program aborts, before the instant of time when the power lever change is completed.

This can be seen in Figures 21.1 to 21.3. At that condition, the N.S.I. displayed shows

that the core stream thrustor nozzle inlet pressure becomes less than ambient pressure.

When the inlet mass fraction of water is four per cent additional problems are

encountered as evident in Figures 22.1 to 22.3. The calculated operating point is off

the fan map, and also, the fuel flow required to reach the desired operating point

exceeds the pump limit. After three tenths of a second of simulation time an error

condition, namely, nozzle inlet pressure becoming less than the ambient pressure is

indicated.

In summary, the deterioration in performance due to water ingestion seems to be

nonlinear with respect to inlet mass fraction of water both individually in the

compression subsystem and in the engine and also lnteractively. The effects on the

engine system appear as reductions in thrust and increases in speciilc fuel consumption
and r¢.duced engine controllability. In the limiting case wherein water is flash

evaporated at burner entry there appear considerable difficulties in operation. For
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example, only acceleration type operations, and then none with more than one per
cent water ingestion run to completion, and no deceleration type operations from
maximum power setting to ground idle setting are possible since even the first
calculation point produces a fatal error.

As the foregoing observations pertain to evaporation of water at one location of the
burner, namely the inlet, it is next of interest to examine the influence of choosing
other locations for" evaporation of water, for example the burner exit as noted earlier
in the section.

5.4.2. Effects of Location and Magnitude of Flash Evaporation of Water

In order to study the effeats of location and magnitude of flash evaporation of

water, the engine simulation program has been run with the inlet mass fraction of

water held constant at two per cent while specifying that one and one-half per cent or

one per cent of water is drained from the core stream and correspondingly, the balance

of either one-half or one per" cent mass fraction of liquid is evaporated at either the

burner entry or burner exit. It m,_y be pointed out that each of these cases involves

partial drainage of water and evaporation of the balance of water entering the burner.
The results from these simulation runs are given in Figures 23.1 to 26.3. In each case

the power lever change that is introduced is from ground idle setting to maximum
power setting in a period of one second.

In the previous section the results of simulating an acceleration-type power lever

change with all of the water in the core stream undergoing flash vaporization were

presented. In those cases, the p:'ograln was unable to complete the simulation for inlet

mass fractions of water greater titan one per cent. On the other hand it is observed

that the current four cases, each with two per cent water ingestion, run to a steady

state, though not necessarily the specified state, _,hereby indicating some improvement

in operation. However, the engine performance deviates greatly from the dry air cases

for all four cases of water vaporization examined here. In particular, it may be

observed that in the current case of a low value of water ingestion, namely, two per

cent, it is possible to accomplish an acceleration only with one per cent water (that is,

half of the ingested liquid) undergoing flash evaporation at burner entry, as seen in

Figures 23.1 to 23.3. In this case the core speed falls from an initial value of 65 per

cent of design speed, which is nearly the same as ground idle speed with dry air, to
about 60 per cent of design speed at the end of one second of simulation time. Then

the core engine accelerates to about 83 per cent design speed as opposed to 92 per cent

for dry air operation. The booster follows a similar deceleration-acceleration pattern

' finally reaching a steady state value of 54 per cent of design speed as compared to 111

per cent obtained during an acceleration simulation with dry air as the working fluid.

In all cases it appears that the change in low pressure spool speed is what limits the

engine performance. Since part of the energy made available by combustion of fuel is

utilized for evaporation of water, the energy available at entry to the high pressure as

well as, later, the low pressure turbine is reduced. The reduced output of the low

pressure turbine lowers the booster pressure ratio and, thus, the high pressure

compressc,r inlet temperature. Meanwhile, the controller does tend to increase the fuel

mass flow-rate to compensate for the energy absorbed by the phase change. However,
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it is observed that tile core engine speedis in fact low. Since the fuel flow schedule
depends on core rotor speed, the reduction in temperature due to the phase change
cannot be completely compensated for l)y tile small increase in fuel.

In the other three cases,namely one per cent water evaporating at burner exit and
one and one-half per cent water evaporating at burner entry or exit, the specified final
state could never be reached. The amount of energy absorbed by water undergoing
vaporization is in all cases, large enough to ,-educethe output of the high pressure
turbine as well as that of the low pressure turbine. The core rotor speed then falls
and the fuel flow, which is independent upon the core speed, is reduced. This in turn
reduces the energy content of the gas at the high pressure turbine entry, causing
further ,'eduction in core and booster speeds. Along the path to the steady state
operating condition of the engine and at the final, possible operating point itself, the
simulation program indicates that the calculated operating point is off the fan map,
the low pressureturbine map, and the burner map.

5.4.3. Effects oftti_h Ambient Temperature of Engine Performance

The effects of high ambie,lt temperature (130 F) on compressor performance were

presented in an earlier section (Sectioll 5.3). The results of various "hot day" engine

simulation cases are given in Figures 27.1 to 32.3.

The mass fraction of water ingested in the hot day simulation cases is assumed to

be four per cent. In each case the power lever is changed from ground idle setting to

maximum power setting in a period of one second. The simulation has been carried

out for operation with dry air at an ambient temperature of 130 F also, and the

results are shown in Figures 27.1 to 27.3. Comparing the engine performance under

dry, high ambient temperature conditions with that under dry, standard temperature
conditions, it is found that there is a significant deterioration in engine performance

even without water ingestion. The pressure ratios in each compressor section, the core

and bypass stream air mass flow r_rtes, and the core and booster rotor speeds are all

lower than the values obtained under corresponding conditions at standard

temperature. These reductions result in lowered thrust and increased specific fuel

consumption. It is interesting to note that as in the case of water ingestion with flash

evaporation in the burner, eithe," at entt'y or exit, the low pressure system performance

deteriorates to a greater extent than does the core engine.

The trends in engine performance during operation with water ingestion with a

high ambient temperature are generally the same as those for standard temperature

operation. When all the liquid is drained from the core and bypass streams aft of the

compression subsystem, the controllability of the engine is not greatly affected, as

shown in Figures 28.1 to 28.3. The thrust and specific fuel consumption during the

engine transient and at the final steady state operating condition are adversely

affected compared to those values obtained during opera, tion under dry, standard

temperature conditions as well as to those values obtained during operation with four

per cent water ingestion and standard temperature. Recalling that the performance of

each section of the compression subsystem operating with four per cent mass fraction

of water ingestion is better during hot day operation than during standard

temperature operation, as seen in Figures 9.1, 10.1 and 11.1 in Section 5.3, it is
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conclusions. That is, when there is evaporation of the water in the burner, the engine

performance is unacceptable regardless of ambient temperature.

5.4.,t. The Effects of an Error in the Temperature Sensed for the Control System

During water ingestion tests on actual turbofan engines it has been observed that

the thermocouples used to measure temperatures for use as control system inp_ts give

erroneous readings. The therlnocouple junctions become immersed in the liqui(I water

film flowing along the engine eases (Reference 1.I). For investigating the effects caused

by such a sensor error, interest in the generic engine is in the high pressure compressor

inlet temperature, as stated earlier in Section .I.3.2. It may be recalled that variable

bleed valve area, variable stator vane setting and fuel flow rate depend on the core

compressor inlet temperature. Silnulations have been carried out for two values of

temperature sensing error, namely 10F and-t0F. Tile predicted results are presented

in Figures 33.l to 40.3. For comparison, simulation cases have been l,er['ormed for dry

air operatiol_ with the same values of l,emperature error as though there was a
malt'unction in tile signal processor or a defect in tlw thermocoul)le.

Four simulation cases were, tried initially that involve no change in l)ower level

angle. Tilt four cases include the following conditions: (i) operation with dry air and

a temperature error of 10 |P, (ii) operatiou with dry air and a teml)erature error of 40

F, 0ii) operation with an inlet mass fraction of water of two per cent under the

assumption that the water is drained completely arter eompression and with a

temperature error of 10 F, and (iv) ot)eration with an inlet mass fraction of water of

two per cent un(tev the assunq)tion that the water is drained coml)letely after
compression, and wilh a t,,,mp(,rat_re error or .10 F. In all four eases the power lever is

set and held at maximum power-setting. These engine simulation cases were started

under the condition that the temperature sensor was t'un(.tiOlfing properly. In the case

of operation with dry air the temperature sensor was assumed to begin providing the

control system with an erroneous input at the end of one second from the initiation of

simulation. In the case of water ingestion, tile sensor was assumed to be erroneous at

the same instant as the beginning of water ingestion, which was, however, assumed to

begin after one second of simulation time. The teml)erature error and water ingestion

are continued throughout the simulation l)erio_l. When there is water ingestion it is

assumed that all liquid is drained t'r()m the core an(l the I)yl)ass stre:tms art or th(,

eoml)ressi()n sul)syst(,m. The results for tll(,se eases ar(' given in Figures 33.1 to 35.3.

During operation with dry air in the ease of a temperature error of 10 F, tile

performance or the engine is affected significantly, as seen in Figures aa.l to aa.a, and

various control or engine operation limits are reached or exceeded. The temperatures

at the high pressure turbine inlet and low pressure turbine inlet exceed the maxilnum

allowable values. The t'a_ sl)ecd exceeds 1.he design operating limit and tile high

pressure compressor discharge pressure is greater than its maximum allowable value.

Ill comparison with the maximum power operating condition without a temperature

error, the error in teml)erature causes rotor speeds t() increase, total mass tlow rate of

air into the engine to increase and fuel tt()w rate to increase, resulting in increased

engine pressure rat i() and in(,veas(,,] tllrust. Thus lit(' output ot" the engine increases

wiien a t eml)er>_ture error ()(.curs. Illl['ovtunately, the new operating point is not as
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efEcient as the maxinlunl power operathig point that, the engine attains _hen there is
not a telYt[)el'atlll'e erl'or algal, lll()re()ver, (,he specific _llel cons_lnll)ti()n is also increased.

lqgm'es 3t.1 to 3-t.'_ ave t,he results for case (ii), ill "_,vhic]l L]lel'e is a t,emlwrature

el'roY of -10 |2 all o(,her condititm_ l'(?lllaillil|g the same as in case (i). As seen in the

llguves a fatal ell'or causes exe('ttt, ion to cease after eight seconds ot" simulation time.

lnit, ially, the trends which ()ccurve(I during engine OlWration with a 10 ia' temperature

evvor ave followed. The l'oLor s[meds, pvessut'e vat, los, mass flow t'ates, etc., increase.

t ligh inlet Cempevatures roy the I,igh l_ressure and low I_vessuve turbines are indicated.

Then the trends are vevet'se(I as t,he high pressure compressor appears to begin to

surge, a condition reported I_y a llumcHcal stal, us illdicatov. The surge condition leads
to the fatal error.

The water ingestion eases :tI'e i_lentical t,o tit{, dry air temperature error cases in

aml_ient conditions and I_mvel'-s_,tting except ['ova (w_ I_(.i• cetlt mass fraction of liquid

water ill the flow. "rite results I'_>l"I lw water" inge.-,li(+ll c:ls('s, shown in lqguves 35.1 to

36.3, ave very sitnil:lr I,o thos,_ I'<Jl lhe covresl_otMilhg _lt-3+ air cases. The increases in

speeds alHI IllaSs llow vales ov_,r tht cases of eltgille OlH'l'aLioll with 11() temperature

error are less during watel" inge+,ti<m than du,'ing (Ivy nit" opet'ation. The steady state

thrust and specitic fuel consut,ll;t:h)n ave lower aml higl,ev, vesl)ectively, than those for

(Ivy air operation with a teml_evature elTov. The same control limits and error

conditions are in(licatcd. The fan speed and tm'bine inlet telnlmratures ave Leo ldgh
as is the l,igh pressure compressor pressure ratio, l"ov the ,10.0 1: temlmrat, ure evvov,

the simulation ends with a t'atal er.'or al'l, el" only live seconds ot" simulation time. Also,

the condition leadil,g i,o the, fatal cw'or is high pressure compressor urge. In general,

the presence o[' liquid water chang_.> the steady state operating point of the engine as
compared to that during engine operation with dry :,iJ" with the same operational

input, tlowever, the ew'or in the l,emperature sense_l by the control system has a

greater effect on steady state running than does the I_res('nce of tw(_-phase flow.

Next, four simulations inv()lving a power lever :ulgle change rm,n ground-idle-

setting to maximum l)owev-setling were carH('d ()tit f()v (Ivv air and water ingestion

conditions roy both the 1().() ]" an(I-10.0 l;' tellll)(,ratllro elT()I'S. These results are

presented in l.'iglives 37.1 to 1().:_;. l)uHllg dry ail" alibi air-water (Ivoph't mixture

Ol)evation, these simulations end i J, t'alal errors. The (lul':ttion of pressure simulation

depends upon the teml)evalul'c (,l'J'()J' anal not the tlatuY,' of the working fluid entering
the engine.

\\7hen the temperature erl'or is 10.0 F (Figures 37.1 to a7.a and 3g.l to as.a), the

simulation runs t'ov just under three seconds. The eligine begins to accelerate as the

])owev lever is advanced: hewer,v, the temperature ewe1" effecl, s observed in the steady,

state simulation have an effect on engine controllability. The speeds, pressure ratio,

and air (or air-water droplet.) mixture mass flow fates for both the high and low

pressure systems dect'ease wl_ih _ the fuel tlow rate increases. The calculated points go

out of range of the combustor, the low pvessm'e turbine, and l, he booster mal)s and the

high pre_st_t'e tuH)ine iltlel t enllwl'atuve exceeds its lnaximuni allowable value. The

s]Jn_tl:_l]oI_ eH_l', when no stal_le _)pev:tling point can l_e ('alvulated.
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When the temperature error is ,10.0 F, no acceleration is observed during the power

lever angle change and tile simulation aborts during the change, as can be seen in

Figures 39.1 to -10.3. As soon as tile temperature error is encountered the pressure
ratios for the fan and booster increase sharply while the working tluid mass flow rate

decreases; these changes indicate the possibility of surging in the fan and booster. The

high pressure compressor pressure ratio and core speed fall while the fuel tlow rate and

turbine inlet temperature rise. The final error scenario is the same as that for the 10.0

F temperature error, namely no stable operating point is found.
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CI IAi'TI';I{ VI

l)l_CtrbSlON

The discussion is divhled into three parts as follows: (i) Methoclology; (ii) General

tontine]el'is froni predicliolis c)l' colnpression sul/byslein llerformance; arid (iii)

(_;onchlsiolis on transient l)el'['Orlli:ilice o1' ell_llles with water ]llgesti()n.

6.1. Methodology

In this section .<-;Oli10 J'o_it,llros of the nlethodology llsed in this investigation are

discussecl with resl>ect [() the hll't, iigt.ils and linlil, al, i<ms iliherenl ill i heni. The features

<tiscussed al'e as t'c_ltows: (i) al)l_ro:i(']l to elip:;ille Silliulali(>ll wil, h isolathm of effects of

water ]ligesl,]oll ill the c'c)iill,l'eS._]()li siil)._y.stenl, (ii) ('()iill,rossi()ii Slli)syste, lli model, and

(iii) eilg]lie sinlulation eo<le,

0.1.1. _iliiillalic)ll of l,;ii<tr,ille ()imration wilh \Va, l,er Inl4estion

1._<>llilo_l iii t'_>iiil)l'esbion Slil>,_ysl,c,lii

(]) The lnel.licM c_f siinill:ltili_ elig>ille llerfOl'lila.liVl ' Wlleli w;il, er ingesticm effects are

{akt'n into acootllil. <)nly in l.iie ('Oliilil'e._sioli slllJsy.'_l, eln has I>eell Found SlleCessftil for

simillating cases in which (a) there are i_ower-seltin_ CJl>el'at]c>llS alid (t,) l her0 is an

iilcorrect illput, to ('Ollll'Oi syst(,lll ['l'(>ln a SellSOl" Lli:,tl ('all tl(, exl)ec, ted to be affected by

the pl't,SOliCe of w:ll,er in lhe wcwking tlili<l.

(ii) The 1)el'l'orniallc'e dntn (Jl,l:iilie<l t'<)i" tlic COllli>l'OSsi()li sllllsystelll oilel'atliig wit, h

water ingestion an<l l, lie <lat:l -,Ic)i'<,¢l ill 1,11_'eilg_llle billltll:ili(/li ('¢)¢1(, which I'elil't'sellts tile

pOl'_'Ol'lllall('e of each o]' lhe C()llll)Ollt_lllb ill Ihe ell_,lllt' COl'l'eSl)Olld to steady state

equilibrium operating> points. The 1.ran,bicnt engine Ferl'cJrniance ca.lculated using these

data in the engine s]niulation co<le is l;hlis quasi-stea<ly l><'r]'orni:inc'e.

(iii) The choice of I]ili]l,]lig concl]l, ions pel'taiii]llg l¢) (li_,l-)sal of water following
compression o1' air-war, or inixtlil'e has perniltl, e¢l all exlilniliati<Jn o[" tile eft'cots of other

variables such as change in ilia.s> l]()w ill the hot ._ecti()n :l,llll lhrlls{or nozzles, change

of fuel flow rate amt change of (.oinl>,istor exit t,einlmi'ai, ui'e.

6.1.2. ('Oliillres.sioli Siil)sysLolii Xl<>_lel

(i) 'File \VINCOt" code, ])e('allS(_ (if the llatul'e (if the calciilation scheme elnployecl,

specities an e(lllivalelll nlaciiine to) ally given conlllrebsor in the following mallner: (_t)

a chosen st reanltlilJe is assunled to represent the given coinpressc>r; (b) a high,

reference Math nuniber whi(:h _els a limit to mass [h>w in a blade passage and c)n

which the compressor flow rel>re<,ent,ation is based is assumed to exist, at, each speed of

operation; aml (c) dcviatioii, non-diniensional wake lliOlllellLillll thickness, ancl

equivalent diffusion ratio rules c)l>l:tined corresponding I.<)<l_,sigii l)()ilit p(;l'forlllall(_e }i,l'('

eXliecled to apply l.]ll'oughc_ul l lie l'_/lig_e o[' operal.ion.

(ii) The WIN(',O[: ('c>cle ]ias been foilnd gellerally ilSefll] f'()r ol)l, ainillg, t)erforliiallCe

o[' fan. I)ooster, and high lli'_'_<,_ir(' COliil)ressor with re<qwcl to the b)'l)ass anti the core

SLl'eall/S,
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0ii) The validity of the choice of representative streamtube location depends upon
several parameters, which include ambient conditions, inlet mass fraction of water,

mass flow rate of eornpressor working fluid, and rotational speed of the compressor.

6.1.3. Engine Simulation (',ode

The modular architecture/organization of the engine simulation code employed is

such that any desired model or modification to performance maps can be introduced

for any component in the generic engine. In addition, control system parameters and

limits can be altered.

6.2. Predictions of Compressor Performance

In this section, some general observations are made about the performance of a

compression subsystem and how the performance is affected by various mechanical

characteristic, operational conditions, and ambient conditions.

6.2.1. l'ert,_rmance Parameters Selected

(i) Because the "off backbone" performance of a compressor is nearly identical for

a variety of ambient conditions and mass fractions of water ingested, useful

comparisons of performance under various conditions can only be made with respect to

such parameters as work eoefftcient, flow coefficient and loss, and the associated

"backbone" or minimum loss values.

(ii) However, in compressor maps utilizing those performance parameters, the stall

and surging conditions are not tea,lily apparent.

6.2.2. Effects of Speed of Rotation and Flow Coett_eients on \Vater Ingestion

A relationship between the rotalional speed and the tlow coetticient and the two

phase flow phenomena can be based on the ,'esidence time of a fluid partiele in a

compressor. An overall eharacteristJc time representing the residence time of a fluid

particle, has been defined as follows (Reference 31)

1 I, 1 1

t° - 4)0 D N re

where ¢o is the flow coettleient at the compressor inlet, and is arbitrarily chosen as the

reference flow coefficient, L is the compressor length, D is the compressor outer easing

diameter, and N is the rotational speed. The eharaeteristie time decreases with

increasing flow coefficient and rotational speed. \Vith a reduction in characteristic

time, the effect of centrifugal action on mixture ratio deereases, as well as the effects

of heat and mass transfer proeesses. In other words, in sueh eases, the compressor

operates with two-phase fluid tlow.

In this investigation, performance ealculations have been carried out along

streamtubes which divide the flow into two equal parts both in the bypass stream and

the core stream. Along these streamtubes, centrifugal action and transport processes

tend to deplete the liquid. As the water content is depleted the compressor

l,erformance be(,onws mot, !i!<e l,hat which occurs during single phase tlow operation.
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It can be conclude(I, then. that as the overall eharact(q'istic time increases, the

t,erformance o|" a COml_r(,ssov operating with water" ingestion will apl)roach that of" the

(,Olllpressor operating with dl'y air.

(i) The p(,rformatl('(, i)r(,,ticte(l for tlic (,omi)ress]()n sul,syst(.m of the generic engine
reflects the t'oregoing avg, uments to a certail, ext('nt. "['It(' overall chara('teristic times

for the fan and tlw l)()_:)st(,," are similar while the ()v(.vall characteristic time for the

high pressure comt)re.'ss()r is higher, l"ov exantl)le, lh(, ()v, va[I (,h:_ra('terinli(. times at

design point for fan, ])()()stev and ]l]gh l_ressur(, cCm,l_r0ss()r are 0.22 rose(', 0.36 reset,

and 1.03 msec, r(,sl_e('tively. The changes in ill(, l)(,cf()tlnan('(, ()f the fan and the

1,()ostcr due to water iJlg('.',ti()n ar(' simil:,l'.

(ii) Th(' (tel)e,lden('(, _)t' the I,(!vt'ovnl:t1_(,,: ('lm,lg,s ()n ('hava('l(,vi.'_t](: tim,, during

water ingestion ('an I)(' _('('_l in tlw "l)acklJc)jw" l),.vl'(>vr,tan(.e <)l" the high pressure

con_pressov, t'or eXaml)l(', wh('r(, at. I()w-sl)e(,,Is, ('()l'v('st)on,ling t() higlwv characteristic

time, the water ingesti()]l (.tt(,(.ts are sJnall ('Omlmr('_l l() t h_)._e at high rotational speeds.

_5.2.:_. l'2fr('cts of Ol)evatilJg (!(m(lilions

The conditions for whicl_ ('onq)ression subsystem t)(,j'l'ownance calculations have

been carried out include various iJdet mass fracli()ns of water tirOl)lets and two

:_ml)ient teml)eratu,'es. The effects of" these conditi()lis ()n the con,pressi()n sul)system
l)01"forltlall('e can h(, Sllllllll-|riz0d a,s t'()]]ows:

(i) The i)erfovJ,l;_lwo ()t' tlw c()ml)ressio,_ sul,sy._t(!ln ,lcteri()rales wh(,n water is

ingested and the magnitu(ie of t.he (l(_teviot'ati()n illcvcas(.s with increasing mqss
fraction of water ing('sti(,,_.

(ii) The magnitude of the compressor pevfov,lmn,(, d,.'tcrioration is a non-linear

function of inlet mass fvacli()n or _vatcv; that is, the magnitude of the diff0rence

between the pcrlk)rmance of the compressor op('r:_ti_g; will, an inlet mass fraction of

water ot" one per c('nt an(I that of the ('Oml)ressor ()l),'rati_,g wi_h (Icy air is higher that_

the ditTerence between lh(, 1)('vf()r]nan('o ()f tlw ('(),,_l,r,s_.(),. ()l_Crat,ing with ;tn inlet mass

fi'actlon of wat(q" (>f two i)or cent .ttt(l tl_at ()r Ih(, ('()l_l_VO.,.s()r ()p(,rating with an inlet
mass fraction o1" one l)(,r ulSt.

(iii) The performanc(, ()t' a ('(m_l)r('ssion subsyst(,_n _l('t('vi()vates at a high ambient
t(,ml)erature.

(ix') The ditrevence bctw(_cn the performance ()t' the compressor operating with

water ingestion and thai or the comprc..,sor operating with dry air is smaller when the

('ompv(.ssor i_ oi)('rati_g at high an_bi(,nt tempevatur(_.

In all cases, deterior::_l(,_t 1)cq'fOrlnance refers t() (h'(-veased pressure coefficient and

tlow cocltlcient att(I i_cr(':,-(_(I work co('tlicient and 1()'_ at t]_c mil_im_lm-h)ss point for :._
given speed.
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6.3. Transient Performance of Engine with Water Ingestion

In this section the engine simulation test eases studied are reviewed with reference

to their applicability in practical cases. Some general conclusions about the results of

the test cases are made.

6.3.1. Applicability of Test Cases

The test eases involve changes in (a) quality of air-water mixture ingested, (b)

power-setting under sea level static conditions, and (e) output of a sensor that

provides information to tile control system. The test eases are based on limiting

assumptions concerning the handling o1" water in the gas path such as drainage and

evaporation.

(i) The amounts of water drained at the end of the compression subsystem and

evaporation in the burner have been selected purely on a parametric basis.

(ii) The identification ot" the location of tlash-eval)oration in the burner and its

magnitude permit examination of changes in engine performance with low and high

power settings aml _mall an(1 lat'_e amottnts ot' water ingestion.

(iii) The limiting eases stu(tic(l provide a means of estaMishing the validity of

standard testing procedures (Reference 30) for determining the behavior of engines

with water ingestion and also a means of detel'lnining what type of test may prove to

be the most crucial. For example, testing at idling and full power conditions with

small amounts of water, in the range of 0.5 per cent, may prove significant in revealing

several aspects of engine o(mrati,)n ,i_lrlug eertain aircraft tlight operation.

6.3.2. Effects of Water Mass Fraction and the Limiting Assumptions

Tile mass fraction of water ingested into an engin:' att'ect,b the engine l)erformance

in the present study through (a) effects on the compressor subsystem and (b) effects of

drainage or evaporation of water t'ollowing compression. The effects of water ingestion

into all engine are described here in terms of pel'rormanee degradation, that is,

reduced thrust and increased speeilic fuel consumption, and includes slow response to,

or even inability to respolld to, operational ehanges such as power-setting operations.

(i) The effects ()f water ingestion on the l)erformance o1' the generic engiue are

similar to those on the compression subsystem in that there is a nonlinear relationship

between the magnitude of performance degradation and the mass fraction of liquid in

the working tluid.

(ii) For engine simulation cases run under the assumption that. all of the liquid is
drained f,'om both the core stream and the bypass stream after (:ompression, the

pre(licted performance is characterized by (very slightly) slower resl)onse to power-

setting operations and (tegra_le(1 steady state performance.

(iii) For the eases in which a t)ortion ofli(luid evaporates at burner entry or exit,

that portion being a mass fracti()n of at least one-half per cent, both the

colllr<)llal)ility and tile steady state p(,,'l'()rmance are sigtlifi('antly degraded.



(iv) \\:hen allot'the liquid is a'_s_lmec[to evaporate at the buruerentry, increasing

the power lever angle reslLlts (mly in an uns_lccessl',ll _,ilnlllati¢m which stops with

indication of a fatal err,_r il_ cah'ulatic_l,.

6.3.3. Efl'ect.s c)f Increased AnlbienJt 'l'e_nl_eratllre

Test cases, including dry air ¢_l_el"ation an¢l water ilhgestion ol_eration under the

limiting assumptions, were c:m'i_.,] (rot with an ambient t¢,_nl>,q'ature of 130'qr. There

are two general observations about the results.

(i) The effect of high ambient temperature is, in general, degrade,l final steady

state performance. While the COml_l'ession subsystem performance at high amlfient

temperature is slightly imprc)ve_l with the presence ()f water, tile engine i_eri'c)rmance is

not affected significantly in that manner.

(ii) The controllability of the engine is not a,lt'ected by the high ambient

temperature. That is, the characteristics of the transient engine performance

predicted for a given test case <'arrie,] {)tit. lllldCl" lfigh anllfient tenllml'aturc conditions
are the same as Ihose for a c,,rrcspomling test case carrh'_l o_tt under standard

temperature conditions.

6.3..-I. Influence of I;_ate of ('.hange of Power l,ew'r on

Transient Perl'c_rmance of Engine

In all the test cases studie_l in this investigation, the perh_d of thne specified for

carrying out the desired power setting change has been one second. In practice

problems with engine opcralfility or controllability can be overeome, it is

recommended, by changing, in general reducing, the r_te ()f power setting operations.

Some investigation into this asl)<,('l ot" the s_ll)je('t has I,een performed.

For a case in whh'h the engine ()perates with (Icy air as working fluid under

standard condit, k)ns, the period over which the power-setting change takes [)lace was

increased from one second to five seconds in one case and then to ten seconds in

another case. When the power setting change occurs in c_te second, the engine attains

a steady state condition in jllst over tlve seconds, as may be observed, for example in

Figures 12.1 to 12.3. \Vhen the power lever is move<l in five seconds over the same

range of angle the engine resp<)l_l._ m_re smootl_ly I>ut, there is litl.le change in the

total time required for the engin(' 1_) reach steady statt, condition. When the power

setting operation is perf()r_ned IP.'xl ov('r a [:en seColl(1 l_eri_)_l, t.lte engine responds even

more smoothly amt, as exl,ect.e_l, reaches a st_'ady st, ale condition in just over ten

seconds. It inay be pointed (_l that the control system for the generic engine

incorporates an acceleration >che<lt_le for fuel flow as a ['unction of core rotor speed.

The schedule limits the rate <)f fuel delivered in response to power setting changes in

order to maintain a safe surge The schedule l_ecomes operative whenever the

rate of change of core rotor :51)<'c(1 is greater than a prose! value. Thus, when the

power lever is moved in engine sin_ulation from groun_l idle setting to maxilnum power

set ling in less than ab<mt five sec(_ds, the engine seem'_ l.c_ l_e forced to t'olh>w a preset

:_c¢'eleration schedule.
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During all of the test cases examined in the current investigation with water

ingestion, the control system is found to force the engine to operate according to such

a preset acceleration schedule, regardless of the rate at which the power setting

operation is performed. This can be explained as follows. The ingestion of water

causes the performance of the compression subsystem to deteriorate and the core

compressor inlet temperature and core compressor discharge pressure become reduced.

The control system responds by increasing the flow rate of fuel. Then, in the event of

a power lever change corresponding to an acceleration from ground idle to maximum

power, the control system further increases the flow rate of fuel, as is to be expected.

ttowever, the desired fuel flow rate exceeds the maxinlunl pre-set rate for maintaining

a safe surge margin; and therefore, the control system seems to impose a limit on the

fuel flow rate as specified by the acceleration schedule.

This investigation into the influence of rate of change of power-setting and a given

acceleration schedule leads to an observation about engine operation in practice. If

the engine is already accelerating according to the built-in acceleration schedule for

any reason, water ingestion, under those circumstances, could cause the engine to

stall, especially when the in:,ll'gill remaining between the prescribed acceleration

schedule and the surging condition is small.

6.4. Effects of Control System Input Errors

The results of engine simulation eases involving temperature sensing errors show

several features observed in certain reported water ingestion engine tests (Reference

14). The mechanical effects noticed in the experiments are an excessively high booster

speed, suggesting incorr_._cs b,)o:_(cr-core performance matching, and an opening of

stator vanes, which increases the choking mass flow rate. The resulting performance

change due to the observed mechanical effects is compressor stall. This type of stall

occurs in the last stages of a compressor when operating with high mass flow rates. As

the mass flow rate increases the pressure ratio decreases in each stage. Thus, at any

point in the compressor flow path the working fluid density becomes lower than that

at design conditions. This causes increased flow velocity through the blade passages.

In the later stages there is then a possibility of a rotor blade becoming stalled, which

is thought to cause surge at high speeds (References 32 and 33).

The effects of an error in temperature signal transmitted to the controls system are

apparent in the resulting action of the controller. As a result of such action, the

component performance matching process is disrupted, that is, the performance of

various components at the resulting operating points during transient engine operation

may not be properly matched.

(i) When the temperature error is small, in this investigation 10 F, the effects of
incorrect component perfo, ulance matching are as follows: (a) the time required for

the engine to reach steady state operation after an operational change is increased

and (b) the overall engine performance is characterized by increased thrust and

specific fuel consumption compared to normal ol)eration.

(ii) When the temperature error is large, in this investigation 40 F, the engine

simulation program is unal)le to carry the performance calculations through until a
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_t,eady state operating point i_, reached. A f_tt_l error rolt_lition, tl_nlely _m'ff, ing of the

high pressure COll/pl'essor, is indic;llo_l.
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At'i'ICNDIX

I. (;enerie l';ngine a r.I (,otlt "()1

The generie engine studie¢t ill lhis investigation has I)e('n choseJL because it contains

many features that are inter("_ling for .,,t.ttdy an<l it is lyl,ical of those used in IB, I'K(!

military and ei',ilian transl)ort '.tircraft. The. engine (':-Ill be (leseril)ed as a tw()-spool

high bypass ratio turbol'alt _,+ith a lLvpa.'ss ratio of about .I.5. The core stream and tl,.

t)ypass strealn exhat,b{, through separate 6hruslor nozzi_,s. There are various features

in the compression subsy.',tem (>f the generic engine which are of parbicular intere.sl.

Some of the sLators in the Ifigll pressure compressor can be adjusted through a range

of stagger settings. There is a variable area bleed valve door located in the outer

easing or the core stream art _d' the 1)ooster.

The engine control syst, em for the generic engine is assl,med to control fuel llow

and variable stator vane l)ositicm. The system is c()n.,,i(l(.rv(I as an eleetro-merhanical

analog speed governor whi(.l_ s(,n,_es 11,, (,()r(, r()tati(),ia[ sp(,e(l, the e()re ('(m,l)res.s(n"

inlet telnperatllre an(l the c()re ('()lll;.r('ss()r <lis(:harge l,rrs:._ll>, :tl.I a(ljusts the fuel tlow

to attain or maintnin a (h.sire,I _.l)e(.l. as set by a rh()s(.u value ()r power lever angle.

Under design ambient an(l (q)(,rating conditions th,,,_, is a tixe(l llow ral, e ()t" t'llel

corresponding to) any given I,()_ver lever angle, l;'urtherm(>re, there is a col'(, spee(I

value corresponding to any given power lever angle, llowever, in the event of a

change in power level" angle, a step change in rm,I th)w rate from that c()rr(,sl)(m(ling i()

the ildlial power lever angle 1() /ll:l,t e()rresl)()n(ling t() th(. final i)()_(.r lever :ttlgl(' in n()/

the (h'sire(l acti()n. N,t('ll '<('Ill I) change ('()ulcI ("_u'_(, ,l,_slal,le ('()ml_usti()n ()r I_l()i'('

generally, Ul_stnl)le ('n_ine ()l,(,r:_li()i_. Thus ill the _.v<,nt ()r a l_()wer-setti_lg c[lall_(, l lw
r,,(,I Ilow ,'ate ('hauge gra(It_nlly as ()l,l)()s(.(I l() :l ,-.t(.I, cll:lng(.. The gradual t't_(.I II()_v

rate changes are mad(' :t('('_,'(li,_g It) a ,'5(']l('([llle wl_i,.l_ ]>, :_ I'_n(:ti()n ()r core c()lll])ress()r

Sl)ee(t ()nly.

As stated in the t'oreg()i._g, the ('(mtr()l sybteln (q)('rates will, -.ignals r(,lat(.,I t()

c()n_l,ressor discharge l)ressur( , :_l_(I ('()n_l,ress()r i,_let l('lll[,(,l';tl, llrc ill a(l(tili()n t() ('ore

sl,ee(I. The (.()_ll.rol sy.-,t,'nl usrs l],e,_u sigi_als t,() (,)rrc,I t l_t. I'_,rl Ih,w rate '_('l,*(l_h, f()r

deviat, ions t'r()nl (lesigll :l_ll)i(.lll all,l ()l,eraling (.(),_,liti(),ls. "l'l,, signals are r()nlt,:lre(t

with their resl)e('liv(, val_t(,_, tti,(l(,l" _h,sign ('(>l_,liti()_l_ all,I :_ ('(,rr('('gi()n l,ha.t is :l I't,n('l,i()n

of l.he dilleren(,e I)etxv('(,ll l]_(' ('()llll)r(,.'-;s()r inlet I(.llll)(.l':tl, llre all(I tile ('()llllll'(,_,.-_()r

discharge [)resstlre Ullder (lesiglt e()l](litiollb all(I Lllose illl{ll.r ;t sl)e('ilie set ()[' ()[)('l'alillg

eon(titions is al)l)li('(t t() the I,a.<' l'uul Ilow s('lie(]lll('. 'ryl,i<utl ('()lllr()] s3'sl(,lllS I'eKIl]:llt'

fuel tlow 1,y regltlating tl.' ]_j('('ti()n _,()zzle (lelivery I,r('ss,,r{'. '1"1.' ])l'(,Sblll'(' I'egtl]:lli()ll

can l)e a('(,()/nl)lishe(1 using a I)SI,aSs h)()l, in th(' fu¢'l li_l(' ,h.liv¢,ring ru(.l fro,., i I_(, I,_llll)
I() {lie illjeetors. The ('11(,] l)rrsS_ll'( ' al ll.' illje('l()l "_, is illV('l'_,('ly l)rOl)()rl,i()na] I,() 11,(. thin

rate ¢)f ft_el ill the byl)aSs I(>(>I,: l[li _- II()w I':tl(' is r('glll:,lt(,(] \\it It v:.lIv('s IIIl(]<'r I1_(' a('ti(>tl
()f t,l_e ('ont r()l.

'l'lle v;iri:ll,le slnt()r vanes l,.ve a s('h('(l,_l_' ()l' slagg_.r >.llings _vlfi('li is a I'ul,('ti()t, (,1"
c(>Inl,r('ss()r .'.1)('(-I. 'I'll(' _.rlle(ll_le is c(),'re('le(I ('()r ".l),uili_' ()l_('l':,ll]llg ('()li(l]li()llS ;is :l

t'ul}ctioll o1' er)}nl)r('s,'.()r i_l+'l l('llll)er:l|llr<'. :\ l,y,lr:t_li(' nrl:ll:ll()r is t3"l)ically Ilsed f()r
lll;lkillg the st:t(()r '._I -_o-_'r s(,l litll2_, :l(].ill>,1111('111.'., :lilt] I1_(' lll('(lilllll ]11 Ill;lilV (':IN('N iN+ (!llgille

t'l]('l.
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II. Data Utilized for Calculation of Compression Subsystem Performance

In order to specify tile compression subsystem of the generic

engine used in the investigation, specific data pertaining to the compressor subsystem

must be provided as input to the \VINCOF code. The data include inforlnation

common to an engine compressor section (fan, booster, and high pressure compressor)

as well as radii, streamtube areas, blade metal angles, design point stage performance,

etc., which is specific to the actual streamline used in the investigation. A list of

required inl)ut data and (teseriptions of each follows:

NS

NSF

NSI,PC

NSIIPC

RRI1Uf3(i)

Rc(i)
lmLADEO)
STAGER(i)

SRttUB(i)

st(i)
SBLADE(i)

STAGES(i)

smu nt(i)
SIGUMS(i)

BET2SS(i)

FND

TOID

POID

FNDLPC

G:d'R(i)

m Tn'(i)
STIUP(i)

sM(i)

t3LOClqi)
BLOCXS(i)

BET2 m(i)
BETIMS(i)
m:T'_,XlS(i)

number of stages

number of fan stages

llHlllbel' Of low l_l'CbStll'e eOilXpresbof s[ago5

llUlll])el' Of high pressure e()llll)ress()r stag(,s

hub radius at ith stage rotor iltlet

chord length of ith s'age rotor
numbe," of blades for ith stage rotor

stagger angle for ili_ .stage rotor

hub radius at ilh stage stator inlet

chord length of ith stage stator
nunlber of blades fo," ith stage stator

stagger angle for ith .%age stator

solhlil, y of ith stage rotor

solidity of ith singe _stator
stator outlet absolute tlow angle

core rotor eorreeted speed at design point

compressor inlet temperature at design point

compressor inlet pressllre at design point
LPC rotor corrected speed at design oint

gap between ith stage rotor and (i - 1)th stage stator

gap between rotor l)lade and stator blade for ith stage

blade tip radius at ith stage rotor inlet

blade tip radius at ith stage stator inlet
rotor inlet radius at which mean line pcrfo,'mance

calculation is carried out

stator inlet radius at which mean line performanee

calculation is carried out

blockage factor for ith stage rotor

blockage raetor to," ith stage stator
blade metal _gl_' at ith stage rotor inlet

blade metal angh' at ith stage rotor outlet

blade metal an_;le at ith stage stator inlet

blade metal angle at ith stage stator oulh,'t
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I_YIL\_

Dvz: (i)
l

st I'e;lllil _il_(, _l(".]l_ii lii_i<._, tl<>_v I'_ile

l))'lJ_l'_ I';1Ii()_il _l(>'_]_li I_()ilil

iol_ll lll't'<_ill'e i':lli<> t'<)r ilh ,_l_l_(. I'_)t<)i" :il, _l<'_i_ii ,_l>e.<l

lolul llr(,<.._lll+ , i'_lli</ I'<_l" ]lli xl:i,_(. ;it <l<'_i_il i.)iiil

_l(li:il):tlic' ('tti<'i<,ii(')' I'()l' illl "_l;t_(, i'()i()1'

illi st._t_(, r()l<)l' (/iillel :ixilll v0i(J(']l) :ll +lf,_iTii 1,<)ilil

ilh slltg0 sl:tt()l' <>litlel _lxiiil velocity ;tl .I,'>]gli t_<>]ill

ith slliQ_(' rol()l' ()llllt.l i'ul;llive [Io_ :il/glo :il {l_'siaii lt(fiiil

Ill. I);ii:l 171ilize<l t'<)r Ell_iil(' _illilll:ili()ii

Ttie conilii'onSiOli _ul)sy'_l<'ili l>(,rJ'Ol'lii_liice <':.llcululi(>liX "il'i. l_.l'['<)riiie(l t'_)r e<'lx'li ]lil_,l

lii_ ['riiclion of w_tlei" :li_.l _ilil}_i(.lil l, ellll)i,r_.illil'e. 'I'll<, i_'_lll'_ _)t' lli_' c:ilcul_ll, ioi/s _il'e

l_0rJ'orlli_lll¢o ln:ll_'_ in tile f<Jl'lll _ull:il>le [or u_e iii ;ill t'il_iiie ,'-illill].iliOli ('()_t(' J'()l" ('_i(!li

inlel, 1n_i$$ t'i'_10l]oli of _v:il_,i" :iii_l (':icli _ilill)]0nl leliil_.i'_iliir_., l'];l_'h lU_tll (,olil,_t,]li,_ tlw

followi I1_ (hi i<'1 :

(i) _lillilliillll 1():-_ :l'- :l I'iilif'li<)li ()I"f'()lill,l'('<_'.,>l" _1,_._._1,NII,N I,()_

(ii) \Vork ('oetlil'](.iil :it i, lie iliiUiiUUlii I()._._ i)<,ilil,_ ;i._ ;i [uncl, i(Jli <)J'

spee¢l,,l'/,_ll,v,_.._ .

(ill) Flow <'<)etlicieut :tl tile Illillillll_llll I().';."¢ l.<)ilit: _i'. :-I t'iln('l,i()li ()t'

Sliee,l, (d_MI, v_. N).

(iv) l>_eil,lo-X'l'l<'li liUiiilJci' n,_ n t'UliCli()ii <d' il.. _lifl<'l'_'ll<'_' I.et_voeii

the work c(>ellich,iil ::if ihe g.iv<,ii (>l>_,i':tI]li_ i_>iiii _iii(I lhe

111illi1111111l I<)<-.;s _(n'k coeftic]eul, ['(Ji" t liu 12>]',{.11 ,<)t)(,l'lltillg _l,ee.I.

These ',t_il_i fir0 uee_10d over the i'lill_,(, ()1 ()l_Ol':ilill_ SlWU<In l'<Jl'

_, hich the llliliillilllli l( x.,._ l)_)ifil_ _Vel'e I'()1111<1,

vs. d'- d'_ll, t'()r e:lcll N .

(v) I,()_ ii.1 1,1i<" _i\eii ()l>('l':ilili_ i,(fiiil liiiliil<_ lililiiilllllli I<>s'_ :-il lhe

_]V('ll ()l_el':llili_ ._l>_,l._l :is il [iilicli¢Jli (d" Ili¢' _,<lil;il'e ()l" lli_'

(ll[[ei'¢'liC(' }>(.l',v¢.(,ii ilia. t_<>i'l< <'<>¢'lli+']<.iii :_1 l lie. ?;i',¢'li <)l>(.l':il,iliF,

l)()iui nll. I Ill(, liiiililliillli I(),_<_ w<>l'k <'(>+,lli.i<.ilt :ii ilia. _i','_'li

<)ltei'ulili.% Sl>¢' ',t. '1'1t¢"_' ¢l:ilu :-il'(' il('_'_l_'_t ()V<<l" Ili¢. I';ili!_l. (>t'

¢)l/ei':-ilili._ nl,e<'.l', i'<u" _vlllcli i, li¢' Illiliililllill I.)_ l><lliil._ were

t'Ollll_l. "l'h_' "_i_11 ()1" Ill(' <lillel'_'liCe I)('iw_u. It 111(' _(>l'l,: <'()elli_'ielii

_il Ihe _;iw'ii <>t.,i':it]li_ i_()illt ;lii_l tti_, itiiliiiiiiliii I_)_<_ w<)rl.;

('oetliclclil ul l lie _iV('ll ()l)el':t I lii_k <.t>l,(.ll i_ lil(.>._.l've(I

__ , --(I,OS - ( ,,,'. x (,/. / r<,,.,.:,,.i,
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COMPRESSOR
DISCHARGE
PRESSURE

OIIIGINAL PPoCE 13

OFPOOR QUALITY

13 16 17 18

.o

COMPR.
INLET
TEMP

[POWER LEVER ANGLE I

25 3

VSV SETTING
f (N2, CIT)

.i

I 4 41 42 4349 5IMETERED I

IFUEL FLOW I

MAIN CONTROLLER

(CIT,N2, COP. PLA)

6 7 8

I
_IFUEL FLOW]

SPEEDI "IREGULATOR|
CONTROL I

SIGNAL i [FUELPUMP]

PRIMARY GAS STREAM

STATION

0
I
2
21

23
25
3
4

41
42
48

5
6
7
8

DESCRIPT ION

AMBIENT
INLET/ENGINE INTERFACE
FAN FRONT FACE
FAN DISCHARGE AT HUB
BOOSTER DISCHARGE (STATOR EXIT)
HIGH PRESSURE COMPRESSOR INLET
HIGH PRESSURE COMPRESSOR DISCHARGE
BURNER DISCHARGE
HIGH PRESSURE TURBINE ROTOR INLET
HIGH PRESSURE TURBINE EXIT
LOW PRESSURE TURBINE ROTOR INLET
TURBINE DISCHARGE
EXHAUST NOZZLE/ENGINE INTERFACE
EXHAUST NOZZLE THROAT
EXHAUST NOZZLE DISCHARGE

SECONDARY GAS STREAM

_TATION
12
13
16

17

18

DESCRIPTION

FAN INLET AT TIP
FAN DISCHARGE
DUCT EXHAUST NOZZLE/
ENGINE INTERFACE
DUCT EXHAUST NOZZLE
THROAT
DUCT EXHAUST NOZZLE
EXIT

Fip;ure 1. Schematic o,_ Lhe C;eneric lligh l_,y["l._._R:_t](_l;]l_g]T_(_with the (;ezleric

Control. $tatiQrl_ i(tentil]('_l ]rl t,h(' (]r:twlllg, :tre _le_('ril)e(l })ene:_.th the

dr;_wing.
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DEFINE: I ° WORK COEFFICIENT, _ = _H/(v2/2goJ)

, = _H /(v2/2go J)2. PRESSURE COEFFICIENT 31 I

.

4.

FLOW COEFFICIENT, ¢ = C z /v
1

EFFICIENCY, EFF - _i/_'

S. LOSS, XLS : (_H &Hl)l(v212go J) = _ " _I

Figure 2 Definitions of Work Coefficient, Pressure

Coefficient, Flow Coefficient, and Loss
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LOSS

PSI ML

MIN
LOSS

N = CONST

PSIML
PSI

% SPEED

"BACKBONE

CURVES"

(a)

(b)

LOSS-MIN LOSS

LOSS
MAP

N2

0.0

(PSI-PSIML) IPSI- PSIML I

(c)

Figure 3 Schematic of Compressor Performance Maps.
(a) Loss vs. V_ork Coefficient
(b) Minimum Loss vs. Speed and

Hinimum Loss biork Coefficient vs. Speed

(c) Loss-Minimum Loss vs. (Work Coefficient-
Minimum Loss Work Coefficient) Squared

(d) Minimum Loss Flow Coefficient vs. Speed
(e) Pseudo-Mach _!umber vs. (Work Coefficient-

Minimum Loss Work Coefficient)

Continued on paqe 60 ...
ioo
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Fimure ], continued
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